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 iiAbstract 
For more than a decade, community groups, scientific organizations and government 
agencies have collaborated to repopulate the endangered western barred bandicoot 
(Perameles bougainville). While initially successful, the unexpected discovery of a 
papillomatosis and carcinomatosis syndrome in captive and wild populations of P. 
bougainville exposed a dearth of knowledge regarding their diseases. This dissertation 
addresses this issue through study of the clinical pathology, immunology, parasitology, 
and virology of P. bougainville.  
 
To facilitate the detection and understanding of diseases in P. bougainville, guidelines 
for interpreting haematology and clinical chemistry results were developed, including 
calculated species-specific reference intervals for plasma aspartate transaminase 
activity (20–283 U/L), haemoglobin (122-165 g/L), haematocrit (0.36-0.49 L/L), total 
leukocytes (2.9-14.9 ×10
9/L), monocytes (0-0.6 ×10
9/L), eosinophils (0-0.9 ×10
9/L) 
and total protein (47-63 g/L) estimated by refractometry. P. bougainville 
immunoglobulin was also fractionated from plasma and inoculated into sheep to derive 
antiserum for serological screening assays.  
 
Arthropods, helminths and protozoa parasitic on P. bougainville were catalogued and 
Eimeria kanyana n. sp. was formally described. The pathogenic and zoonotic potential 
of bacteria detected in ticks parasitic on P. bougainville was also considered. 
 
The association between bandicoot papillomatosis carcinomatosis virus type 1 
(BPCV1) and the western barred bandicoot papillomatosis and carcinomatosis 
syndrome was investigated using PCR, in situ hybridization and virus isolation. 
 iiiOptimized in situ hybridization techniques demonstrated BPCV1 DNA within 
keratinocyte and sebocyte nuclei, and BPCV1 mRNA within the cytoplasm. BPCV1 
virions were isolated by ultracentrifugation and visualized with negative stain 
transmission electron microscopy revealing icosahedral, non-enveloped viral capsids 
~47 nm in diameter, comparable to viruses classified within Papillomaviridae and 
Polyomaviridae.  
 
A novel virus, tentatively named bandicoot papillomatosis carcinomatosis virus type 2 
(BPCV2) was discovered in papillomatous lesions from a southern brown bandicoot 
(Isoodon obesulus). It had a circular double-stranded DNA genome of 7277 bp, and 
encoded two papillomavirus-like structural proteins, L1 and L2, and two 
polyomavirus-like putative transforming proteins, large T antigen and small t antigen. 
DNA and RNA in situ hybridization confirmed the presence of BPCV2 nucleic acids 
within lesion biopsies. The discovery of the bandicoot papillomatosis carcinomatosis 
viruses has provoked reassessment of the established virus taxonomy paradigm, 
theories of virus-host co-speciation and bandicoot population management strategies. 
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 xxviChapter 1 
Introduction 
 
1.1 General introduction 
The continued survival of western barred bandicoots (Perameles bougainville) (Fig 
1.1) is in jeopardy. This fact is recognized both domestically and internationally. P. 
bougainville is listed as ‘endangered’ under Australia’s Environmental Protection and 
Biodiversity Conservation Act (1999), Western Australia’s Wildlife Conservation Act 
(1950) and appears on the World Conservation Union (IUCN) Red List (2007). 
Additionally, the Convention on International Trade in Endangered Species of Wild 
Fauna and Flora (1975) includes P. bougainville in Appendix I (2007), a category for 
species threatened with extinction. 
 
Government, scientific institutions and community groups have united to ward off the 
threat of extinction that this unique marsupial faces (Richards et al., 2000; Richards, 
2003; Richards, 2004a, b). However, recent efforts to augment the population and 
expand the geographic range of this species through captive breeding programs have 
been seriously hindered by the discovery of a debilitating papillomatosis and 
carcinomatosis syndrome afflicting some individuals in the breeding population 
(O’Hara et al., 2004; Richards, 2004a; Woolford et al., 2007; Woolford et al., 2008). 
Investigations into this syndrome highlighted the distinct paucity of data in the 
scientific literature addressing fundamental biological questions about western barred 
bandicoots in particular and peramelids in general. The findings presented in this 
dissertation attempt to significantly augment this information by providing data to 
 1enable improved population health monitoring, and detection, diagnosis and clinical 
management of western barred bandicoot diseases.      
 
This first, introductory chapter summarizes the general information available in the 
scientific literature as it relates to western barred bandicoots and their close relatives. 
Subsequent chapters will each include a précis of relevant literature, a description of 
experimental methods, results, discussion focusing on interpretation of the results and 
their significance, and a conclusion. Appendices are presented that contain supporting 
information and each chapter is illustrated with figures. A full bibliography is provided 
immediately following the appendices. 
 
Chapter 2 “Clinical pathology and immunology of western barred bandicoots” 
describes in some detail what is now known of the clinical pathology of clinically 
normal western barred bandicoots. This basic information is a prerequisite to fully 
evaluate disease states of P. bougainville, which is the subject of subsequent chapters. 
The purification of P. bougainville immunoglobulin from plasma and raising of 
polyclonal anti-P. bougainville immunoglobulin antibodies is described. The results 
and reagents generated will facilitate the detection of western barred bandicoot 
humoral immune responses. Consideration is given to the role of the immune system in 
the pathogenesis of the western barred bandicoot papillomatosis and carcinomatosis 
syndrome and the difficulties of objectively assessing immune deficiency states and 
specific immune tolerance are explored.   
 
Chapter 3 “Parasitology of western barred bandicoots” focuses on the various parasitic 
organisms that have been found to infect P. bougainville. Consideration is given to 
 2each agent’s likely significance and practical alternatives for its control. Certain 
bacterial organisms detected in ticks parasitic on P. bougainville in their natural range 
are also considered. A new species of Eimeria discovered in the faeces of western 
barred bandicoots is formally described; the first from a peramelemorph host.  
 
Chapter 4 “Bandicoot papillomatosis carcinomatosis virus type 1” records the 
invention of diagnostic tests for the detection of bandicoot papillomatosis 
carcinomatosis virus type 1 nucleic acids by traditional PCR and in formalin fixed, 
paraffin embedded tissue sections by in situ hybridization. The results of traditional 
virus isolation methods and subsequent characterization of the physical properties of 
the isolated virions are presented, and the nature of hepatic intranuclear inclusion 
bodies in P. bougainville is also revealed. Attempts to cultivate this virus in cell 
culture and confirm its transmissibility in a nude (athymic) mouse model are detailed 
and evidence is presented that supports a causal association between bandicoot 
papillomatosis carcinomatosis virus type 1 and the western barred bandicoot 
papillomatosis and carcinomatosis syndrome. 
 
Chapter 5 “Bandicoot papillomatosis carcinomatosis virus type 2” describes the 
discovery, genetic characterization and diagnosis by PCR and in situ hybridization of a 
novel virus isolated from a papilloma-affected southern brown bandicoot (Isoodon 
obesulus) from Western Australia. The implications of this discovery for virus 
taxonomy and theories of virus-host co-speciation are discussed along with the 
ramifications for our understanding of the origins and significance of both bandicoot 
papillomatosis carcinomatosis virus types 1 and 2 and their associated papillomatosis 
and carcinomatosis syndromes in Australian peramelids. 
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I hope the information presented in this dissertation will assist those striving to 
conserve western barred bandicoots and other native Australian fauna. 
 
Figure 1.1 removed from this version. 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Photograph of a healthy adult western barred bandicoot (Perameles 
bougainville) from Red Cliff Bay, Bernier Island, 2007. Photography by Linda 
Reinhold. © Wiley-Blackwell Publishing Ltd. Bennett et al. (2007a) Vet. Clin. Path. 
36:348-353. 
 
 41.2 Taxonomy 
There are numerous errata and synonymies in the scientific literature pertaining to the 
taxonomy of marsupial bandicoots. For example, several reports of parasitic and 
bacterial infections initially attributed to Isoodon obesulus, were in fact attributable to 
Isoodon macrourus. This error of nomenclature was corrected by Mackerras and 
Mackerras (1960), however some authors (for example: Clark, 2004) perpetuate it to 
this day. Therefore, familiarity with the taxonomy and phylogeny of marsupial 
bandicoots is desirable. 
 
1.2.1 Nomenclature 
The western barred bandicoot, Perameles bougainville, was first officially documented 
in the scientific literature in 1824 by Jean René Constant Quoy and Joseph Paul 
Gaimard, following the 1817-1820 voyage of discovery of the French corvettes Uranie 
and Physicienne under the command of Louis Claude Desaules de Freycinet (Fig. 
1.2A) (Quoy and Gaimard, 1824). These two French zoologists assigned this 
previously undescribed species the Linnaean binomial Perameles bougainville. The 
genus Perameles (meaning “pouched badger”) was erected by Geoffroy (1804) for 
Perameles nasuta. The accepted specific epithet is in honour of baron Hyacinthe Yves 
Philippe Potentien de Bougainville, a French navigator. 
 
Though first to formally describe P. bougainville, Quoy and Gaimard were preceded in 
recognizing the uniqueness of this bandicoot species by other European naturalist-
explorers. Robert Brown’s diary records his encounter with P. bougainville at Fowlers 
Bay, South Australia on 29
th January 1802, and Ferdinand Bauer’s paintings of these 
specimens, probably completed around 1811, survive to this day (Fig. 1.2B) (Watts et 
 5al., 1997). Moreover, indigenous Australians were aware of the existence and habits of 
P. bougainville long in advance of European settlement of the continent. The terms 
“little marl” and “marl” are synonyms for P. bougainville derived from Australian 
aboriginal languages and continue in common usage. “Nyemmel” is the term used by 
indigenous Australians from the Albany region of Western Australia to indicate P. 
bougainville. Other common names for this species include (but are not limited to) 
Shark Bay Striped Bandicoot, West Australian Striped Bandicoot, South Australian 
Striped Bandicoot, New South Wales Striped Bandicoot, and Zebra Rat (Friend and 
Burbidge, 2002). 
 
Junior scientific synonyms of P. bougainville include P. myosura and P. myosuros 
(sensu Wagner, 1841), P. arenaria (sensu Gould, 1844), P. fasciata (sensu Gray, 
1841), P. notina, and P. bougainvillei (sensu Thomas, 1922) (Wilson and Reeder, 
1993). Perameles species have sometimes historically been incorrectly labeled 
Thylacis, a now redundant taxon (Wilson and Reeder, 1993). Readers of older texts 
should bear these synonymies in mind to avoid possible confusion. 
 
Subspecies of P. bougainville include P. bougainville bougainville, for animals 
occurring in the Shark Bay region of Western Australia; P. bougainville fasciata for 
animals from Victoria and New South Wales; P. bougainville myosura (or myosuros) 
for animals from south west Western Australia; and P. bougainville notina for animals 
from south east Western Australia, the Nullarbor Plain and South Australia (Friend and 
Burbidge, 2002). Since the only known extant populations of this species are derived 
from Bernier Island and Dorre Island populations, the following chapters of this thesis 
refer exclusively to P. bougainville bougainville. 
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Figure 1.2 Illustrations of Perameles bougainville. (A) Specimen studied by Quoy and 
Gaimard, collected from Shark Bay, Western Australia during the voyages of the 
Uranie and Physicienne, 1817-1820 (Quoy and Gaimard, 1824). (B) Ferdinand 
Bauer’s illustrations created from specimens collected at Fowler’s Bay, South 
Australia in 1802 (Watts et al., 1997). Both illustrations were reproduced courtesy of 
the State Library of Western Australia. 
 
The popular common name, western barred bandicoot, refers to the often prominent 
bars of darker fur on the rump of this species. Similar pelage markings are seen on the 
closest extant relative of P. bougainville, the eastern barred bandicoot, Perameles 
 7gunnii (Seebeck, 2001; Seebeck, 2002). The smaller P. bougainville now occurs only 
in Western Australia, while the larger P. gunnii occurs in eastern Australia, specifically 
Tasmania, with a small remnant population found near Hamilton, Victoria (Seebeck, 
2001; Seebeck, 2002). The word “bandicoot” is probably a corruption of the Telegu 
word “pandi-kokku” meaning “pig-rat” in reference to Bandicota bengaliensis 
(Tydale-Biscoe, 2005). This term now encompasses the “bandicoot rats” of the genera 
Bandicota and Nesokia, small eutherian mammals belonging to Muridae found across 
Asia, the subcontinent and the Middle East (Wilson and Reeder, 1993). However, 
these species are not marsupials and should not be confused with the peramelids of 
Australia and New Guinea. George Bass was the first to use the term “bandicoot” in 
reference to Australian peramelids, while circumnavigating Tasmania with Matthew 
Flinders (Tyndale-Biscoe, 2005): the term is now popularly entrenched. The western 
striped bandicoot, Microperoryctes longicauda of the Peroryctidae, should also not be 
confused with the western barred bandicoot, P. bougainville. 
 
1.2.2 The family Peramelidae 
The family Peramelidae includes all the bandicoots that may be found in Australia, 
with one exception: Echymipera rufescens is a member of the Peroryctidae which can 
be found in far north Queensland (Gordon, 2002b; Tyndale-Biscoe, 2005). 
Peramelidae encompasses the two extant genera Isoodon and Perameles and one 
presumably extinct genus Chaeropus (Tyndale-Biscoe, 2005).  
 
Isoodon comprises the “short-nosed bandicoot” species Isoodon auratus, Isoodon 
macrourus and Isoodon obesulus (Wilson and Reeder, 1993). I. macrourus 
moresbyensis is also to be found in southern New Guinea (Tyndale-Biscoe, 2005; 
 8Gordon, 2002a). I. macrourus and I. obesulus have fared rather better than most 
peramelid species since European settlement of Australia and consequently, these 
species are better characterized in the scientific literature than P. bougainville. 
 
Perameles comprises the “long-nosed bandicoot” species P. bougainville, P. gunnii 
and Perameles nasuta (Wilson and Reeder, 1993). Perameles eremiana, the desert 
bandicoot, is presumed extinct, or else may in fact be synonymous with P. 
bougainville (Gordon, 2002c). Perameles species were widely distributed across the 
Australian mainland, Tasmania and some fringing islands prior to European 
colonisation (Fig. 1.3). Perameles allinghamensis and Perameles bowensis are extinct 
forms discovered in the Pliocene deposits of the Bluff Downs and Bow local faunas, 
respectively (Archer and Wade, 1976; Muirhead et al., 1997). Perameles sobbei is an 
extinct Pleistocene form, discovered in the Darling Downs of South East Queensland 
(Price, 2002). Of the extant species of Perameles, P. nasuta is the most widely 
distributed, abundant and also the most thoroughly characterized (Stodart, 2002; 
Tyndale-Biscoe, 2005). 
 
Chaeropus ecaudatus, the pig-footed bandicoot, which until mid last century ranged 
over Australia’s arid interior, is now considered extinct (Johnson and Burbidge, 2002; 
Tyndale-Biscoe, 2005). The common name refers to the presence of two functional 
digits on the forepaw which somewhat resemble the trotters of swine or the cloven 
hooves of deer (Johnson and Burbidge, 2002). Dental morphology, gastrointestinal 
features, observed behaviour and direct examination of stomach contents indicate a 
distinct tendency towards a largely herbivorous diet (Krefft, 1866; Wright et al., 1991). 
The misleading nomen triviale ecaudatus originated when Ogilby formally described 
 9this species based on a specimen that lacked a tail due to some misfortune during its 
life, but in actuality, this bandicoot species had one of the longest of all bandicoot tails 
(Johnson and Burbidge, 2002). The inclusion of Chaeropus in the family Peramelidae 
is uncertain. Some taxonomists claim that Chaeropus belongs in its own subfamily or 
family, yet others cite certain morphological and biochemical similarities between 
Chaeropus ecaudatus and bilbies (Strahan, 2002; Tyndale-Biscoe, 2005). This 
question remains unresolved. 
 
Figure 1.3 The pre-colonial geographic distributions of Perameles bougainville, 
Perameles eremiana, Perameles gunnii and Perameles nasuta. (Redrawn after Gordon 
and Hulbert, 1989; Seebeck, 2001; Friend and Burbidge, 2002; Gordon, 2002c; 
Seebeck, 2002; and Stodart, 2002). 
 101.2.3 The family Thylacomyidae 
The inclusion of Macrotis (bilbies or “rabbit-eared bandicoots”) within Thylacomyidae 
continues to be controversial. Bilbies were originally considered distinct at the family 
level and were therefore placed within Thylacomyidae (Archer and Kirsch, 1977), until 
Groves and Flannery (1990) rejected the existence of this family, and included them in 
Peramelidae. Szalay (1994) supports the views expressed in Groves and Flannery 
(1990), and denies the validity of DNA hybridization studies over traditional 
morphology studies for determining phylogeny. Yet, Tyndale-Biscoe (2005) refers 
several times to Thylacomyidae, within which he places Chaeropus and Macrotis, 
based on DNA hybridization and other genetic evidence. Other authors have invoked 
subfamily classifications – Peramelinae for Isoodon, Perameles and Chaeropus, and 
Thylacomyinae for Macrotis (Strahan, 2002). The taxonomy and phylogeny of the 
bandicoots and bilbies continues to be a vexing conundrum. I accept the opinion of 
Muirhead (2000) who places bilbies in Thylacomyidae with Ischnodon australis an 
extinct Pleistocene (or perhaps Pliocene) perameloid form found among the 
Palankarinna local fauna. 
 
Macrotis lagotis, the greater bilby, once ranged over the majority of arid central 
Australia, but is currently considered endangered and is the focus of concerted 
conservation efforts (Johnson, 2002a; Pavey, 2006). Macrotis leucura, the lesser bilby, 
inhabited central Australia, but is now presumed extinct (Johnson, 2002b). 
 
1.2.4 The family Peroryctidae 
Peroryctidae includes the bandicoots of New Guinea and its neighbouring islands, with 
one representative, Echymipera rufescens found on Queensland’s Cape York Peninsula 
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moresbyensis, is found in southern New Guinea (Gordon, 2002a). Peroryctidae 
encompasses four extant genera: Echymipera, Microperoryctes, Peroryctes and 
Rhyncomeles (Groves and Flannery, 1990; Wilson and Reeder, 1993). Fossil 
specimens of Echymipera and Peroryctes have been unearthed in Australia (Rich, 
1991). For example, the extinct Peroryctes tedfordi was discovered among the Early 
Pliocene Hamilton local fauna in Victoria (Turnbull et al., 2003), indicating that 
although convenient to think of Peroryctidae as the “New Guinean bandicoots” and 
Peramelidae as the “Australian bandicoots”, these families did not evolve in 
geographic isolation. Such a conclusion should come as no surprise given that New 
Guinea and Australia were conjoined during the last glacial maximum when sea levels 
were ~130 m lower than the present day (Mulvaney and Kamminga, 1999). Indeed, 
modern day Australia, Tasmania, New Guinea and surrounding islands were all 
continuous with one another in a great continent known as ‘Sahul’ until the end of the 
glacial period 15,000 to 12,000 years before present (Rich, 1991; Mulvaney and 
Kamminga, 1999). 
 
1.2.5 The order Peramelemorphia and the superfamily Perameloidea 
All extant bandicoots and bilbies are members of the superfamily Perameloidea, of the 
order Peramelemorphia (Fig. 1.4) (Strahan, 2002). So distinct are bandicoots and 
bilbies from all other marsupials that an entire order is devoted to them. 
Peramelemorphs are polyprotodont marsupials which also show syndactyly of the 
second and third digits of the hind limb, a baffling “intermediate” condition between 
dasyuromorphs (polyprotodont marsupials without syndactyly) and the other major 
group of Australian marsupials – syndactylous diprotodonts (Strahan, 2002). 
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Figure 1.4 Phylogeny of the order Peramelemorphia, including known extant, 
presumed extinct (†) and extinct (‡) forms from Australia and New Guinea. After 
Archer and Wade, 1976; Archer et al., 1993; Wilson and Reeder, 1993; Muirhead et 
al., 1997; Muirhead, 2000; Price, 2002; Strahan, 2002; Turnbull et al., 2003; Helgen 
and Flannery, 2004; Tyndale-Biscoe, 2005; and Schwartz, 2006.   
 
The relative importance of teeth and toes in determining phylogeny has occupied the 
minds of many vertebrate taxonomists and caused much unnecessary befuddlement 
which most likely stemmed from a flawed deterministic view of Darwinian evolution. 
The syndactylous digits are sometimes used by modern diprotodonts as a grooming 
device while modern dasyuromorphs may achieve personal grooming with their comb-
like teeth (Strahan, 2002). These observations led to the notion that syndactyly and 
 13polyprotodonty might be alternative conditions (Strahan, 2002). This idea really only 
makes sense if one accepts that each animal species needs a comb-like anatomic 
structure for grooming purposes, and that these structures evolved to fulfill such a 
need. The late natural historian and palaeontologist, Stephen Jay Gould, penned 
numerous essays which thoroughly and convincingly discredit this misinterpretation of 
Darwinism. Without the bafflement of deterministic pseudo-Darwinism, the condition 
of polyprotodonty with syndactyly is no longer mysterious. Incidentally, Gordon and 
Hulbert (1989) report that peramelids groom themselves using their teeth, tongue and 
syndactylous digits. 
 
1.3 Palaeontology 
Australian palaeontological records of bandicoot forms occur in deposits from the 
Eocene (55.8-33.9 million years ago (mya)), Late Oligocene-Middle Miocene (23.3-
10.4 mya), Pliocene (5.33-1.81 mya), and Pleistocene (1.81-0.01 mya) (Rich, 1991; 
Gradstein and Ogg, 2004) (Fig. 1.5A). 
 
The oldest known fossil of a bandicoot form is Thylacotinga bartholomai, 
(Thylacotingoidea: Thylacotingidae) unearthed in Eocene deposits of the Tingamarra 
local fauna near Murgon, Queensland (Archer et al., 1993; Woodburne and Case, 
1996). In the Eocene, Australia and South America were connected through Antarctica 
by peninsulas, as the great southern supercontinent, Gondwana, gradually disintegrated 
(Tyndale-Biscoe, 2005). By the end of the Eocene, Gondwana was no more – Australia 
and South America had migrated northward, and Australia’s biota were left to evolve 
in virtual isolation from that of other continents (Rich, 1991; Tyndale-Biscoe, 2005). 
The dominance of marsupials in Australia prior to the arrival of humans and their 
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shows the presence of Tingamarra porterorum, an early placental mammal, at the 
same site as Th. bartholomai (Godthelp et al., 1992; Archer et al., 1993). 
 
Yarala kida (Yaraloidea: Yaralidae) is a Late Oligocene, highly pleisomorphic 
bandicoot species known from the Kangaroo Well local fauna in the Northern 
Territory (Schwartz, 2006). Yarala burchfieldi (Yaraloidea: Yaralidae) is another 
highly pleisomorphic extinct bandicoot species known from an exceptionally well 
preserved fossil specimen from the Miocene deposits of the Riversleigh local fauna 
(Muirhead and Filan, 1995; Muirhead, 2000). There are numerous fossil specimens of 
peramelemorphs from the Oligocene-Miocene deposits of Queensland, the Northern 
Territory and South Australia awaiting formal description that cannot be placed within 
currently recognized families (Woodburne and Case, 1996; Muirhead, 2000; Schwartz, 
2006). Bandicoot forms from Pliocene and more recent deposits, though fewer in 
number, do show identifiable perameloid characters (Muirhead, 2000). These 
observations hint at a Late Oligocene (Schwartz, 2006) or Late Miocene (Muirhead, 
2000) bottleneck, in which a once wide peramelemorph radiation was severely pruned, 
leaving only the Perameloidea to flourish and diverge.     
 
Many biochemical and molecular biological studies have attempted to estimate the 
date of divergence of the bandicoot lineage from those of other marsupial orders, and 
the dates of divergence of the various families and genera within Peramelemorphia 
(Baverstock et al., 1990; Springer et al., 1994; Kirsch et al., 1997; Springer et al., 
1997). One recent paper (Nilsson et al., 2004) used analysis of mitochondrial DNA 
sequences to address this much debated question. The authors estimate that marsupials 
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Cretaceous/Tertiary boundary 65 mya. The majority of American marsupial families 
had diverged from their Australian cousins approximately 60 mya; diprotodonts 
diverged from the other Australian marsupials approximately 50 mya; dasyuromorphs 
and notoryctemorphs diverged from peramelemorphs in the Middle Eocene, roughly 
40 mya, and Thylacomyidae appears to have diverged from Peramelidae in the 
Oligocene with Perameles and Isoodon becoming distinct genera in the late Miocene, 
approximately 10 mya. The general pattern of divergence presented by Nilsson et al. 
(2004) is in agreement with the known fossil record, however the timing of these 
events is inconsistent with the dates determined by stratigraphy. Fossil data suggest 
that the order Peramelemorphia arose in the early Eocene, soon after the 
Cretaceous/Tertiary boundary, and that modern day families diverged after a Late 
Oligocene/Late Miocene bottleneck (Fig. 1.5B). 
 
This ancient lineage has survived grand historical fluctuations in climate, sea level and 
the arrival in Australia of humans and the dingo (Rich, 1991). Their reproductive 
rapidity, ability to derive nutriment from many and varied food sources, and successful 
adaptation to a wide variety of climatic conditions make the peramelids a highly 
versatile and potentially persistent group (Gordon and Hulbert, 1989). One hopes the 
remaining modern day scions of this unique order are able to survive the challenges 
posed by the influences of the ‘wise’ ape and an industrialized world. Already, C. 
ecaudatus, P. eremiana and M. leucura appear to have succumbed, while M. lagotis 
and P. bougainville teeter on the brink of extinction. 
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Figure 1.5 The Australian fossil record of peramelemorphs. (A) An estimated timeline 
of major events in the evolution of modern Peramelidae, after Nilsson et al. (2004). (B) 
Map of disclosed palaeontological sites where the remains of peramelemorphs have 
been discovered. 1. Tingamurra Local Fauna (Early Eocene); 2a. Etadunna Formation 
(Late Oligocene-Middle Miocene); 2b. Palankarinna Local Fauna (Pleistocene); 3. 
Tarkarooloo Local Fauna (Late Oligocene-Middle Miocene); 4a. Riversleigh District 
 17(Late Oligocene-Middle Miocene); 4b. Rackhams Roost (Early Pliocene); 5. Bullock 
Creek Fauna (Late Oligocene-Middle Miocene); 6. Hamilton Local Fauna (Early 
Pliocene); 7. Big Sink Local Fauna (Early-Middle Pliocene); 8. Bluff Downs Local 
Fauna (Early-Middle Pliocene); 9. Bow Local Fauna (Early-Middle Pliocene); 10. Dog 
Rocks Local Fauna (Pliocene); 11. Fisherman’s Cliff Local Fauna (Early Pleistocene); 
12. Floraville Local Fauna (Pleistocene); after Rich (1991). The precise location of the 
Kangaroo Well site in the Northern Territory, at which Yarala kida was uncovered has 
not been disclosed (Schwartz, 2006). 
 
1.4 Natural History 
The natural history of Perameles species is unique and interesting: they are “fast-living 
opportunists” according to Tyndale-Biscoe (2005). Though fascinating in its own right, 
their remarkable life history also has potential implications for the epidemiology of 
diseases within bandicoot populations. With an ultra-short gestation interval of only 
12.5 days, Perameles sp. make very brief use of chorioallantoic placentation - an 
extraordinary condition among marsupials (Tyndale-Biscoe, 2005). Indeed, the terms 
“placental” and “eutherian” are often used to indicate mammals which are not 
marsupials or monotremes. Perameles sp. defy convention: they are pouched mammals 
(marsupials) that exhibit true, albeit short-lived, placentation (eutheria). Here follows 
an overview of the life cycle and natural history of Perameles sp. with particular 
emphasis on P. bougainville, where such data are available. Studies of P. nasuta, I. 
obesulus and I. macrourus have been used to infer details which are likely to be similar 
across Peramelidae. 
 
 181.4.1 Fertilisation and embryogenesis 
Lyne and Hollis (1976) described the early intrauterine development of peramelid 
embryos in detail. Eggs erupt from ovarian follicles and begin their passage along the 
Fallopian tubes on the day following behavioural oestrus and the ruptured follicular 
remnants become corpora lutea. Following mating, sperm travel via the paired lateral 
vaginae, vaginal caecae and uteri to encounter the egg in the Fallopian tubes. The 
Fallopian tubes invest the egg with a mucoid coat up to 13 µm thick, which entraps 
superfluous spermatozoa. A shell membrane is laid down by the time the egg passages 
into one of the paired uteri, and this structure completely seals the embryo from the 
maternal uterine environment until ‘hatching’ on approximately day 8-9 of gestation. 
The shell membrane reaches maximum thickness at the unilaminar blastocyst stage 
then attenuates as the embryo enlarges (Fig. 1.7).  
 
Cleavage begins after the zygote enters one of the uteri. The 32-cell stage is reached by 
3 days after mating and the unilaminar blastocyst is formed at the 75 cell stage. Up 
until this stage, the embryo diameter has been constant at ~0.25 mm, but once formed, 
the unilaminar blastocyst grows to about 1 mm diameter and contains more than 1000 
cells before endodermal cells appear and grow out from a region of thickened 
protodermal cells to eventually form the bilaminar blastocyst at about 1.5 mm diameter 
(Fig. 1.7). 
 
The primitive streak begins to form at the 2 mm blastocyst stage, 7 days post mating. 
Mesoderm grows between the endo- and ectodermal layers from the primitive streak 
zone to about halfway around the blastocyst, thus making the embryonal hemisphere 
trilaminar. The zona pellucida and mucoid coat have gone, but the shell membrane 
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notochord, the end of embryogenesis and the beginning of a remarkably rapid phase of 
organogenesis. 
 
 
 
Figure 1.7 A graphical representation of oocyte fertilization and early embryonic 
development in peramelids. The events depicted all unfold during the first half of the 
ultra-short 12.5 day gestation period. After Lyne and Hollis (1976). 
 201.4.2 Organogenesis 
Peramelid organogenesis begins in utero approximately 4.5 days prior to birth and 
continues during pouch life (Tyndale-Biscoe and Renfree, 1987). At birth, the termini 
of the respiratory tree do not yet constitute true alveoli, however a rich capillary 
network invests the terminal sacs and facilitates enough gaseous diffusion to meet the 
needs of the neonate (Gemmell, 1986; Tyndale-Biscoe and Renfree, 1987). It appears 
surfactant is employed by marsupial neonates as in eutherian neonates to enable 
effective breathing (Gemmell, 1986). Buccal structures such as the epiglottis and 
tongue develop so as to permit simultaneous breathing and suckling (Tyndale-Biscoe 
and Renfree, 1987). Nostrils are open at birth and the olfactory centre of the brain is 
well developed (Kratzing, 1990). It appears the liver is at least partially functional 
prior to birth, but the stomach, intestines and pancreas lack the biochemical 
differentiation of adult organs by the end of gestation (Tyndale-Biscoe and Renfree, 
1987). Nonetheless, these organs are sufficiently well developed to cope with a milk 
diet immediately following parturition (Tyndale-Biscoe and Renfree, 1987). 
 
Full term fetuses have at least partially functional adrenal glands, and there is some 
evidence that the adenohypophysis may be capable of hormone secretion (Hall and 
Leslie, 1990). The musculoskeletal and nervous systems are sufficiently advanced to 
coordinate and facilitate the neonate’s unassisted migration from the cloaca to the 
pouch, mainly utilizing the more fully developed forelimbs tipped with deciduous 
claws to make the climb (Tyndale-Biscoe and Renfree, 1987; Hall, 1990). The eyes, 
hind limbs and gonads remain undifferentiated, and the mesonephros is the functional 
kidney at birth – only after a few days of pouch life does the metanephros assume its 
definitive excretory function (Tyndale-Biscoe and Renfree, 1987). 
 211.4.3 Placentation 
In most marsupial species, the major avenue of physiological exchange between the in 
utero offspring and maternal circulation is via the choriovitelline or ‘yolk-sac’ placenta 
(Tyndale-Biscoe, 2005). In these marsupials, the allantois becomes a storage organ for 
excretory products (Tyndale-Biscoe, 2005). Of all the marsupials, only the koala, 
Phascolarctos cinereus, and the peramelids form a chorioallantoic placenta capable of 
physiological exchange with the maternal circulation, in addition to the choriovitelline 
placenta (Padykula and Taylor, 1976; Tyndale-Biscoe, 2005). Peramelids develop a 
discoidal chorioallantoic placenta which is intimately attached to and fused with the 
maternal endometrium (Padykula and Taylor, 1976; Tyndale-Biscoe and Renfree, 
1987; Tyndale-Biscoe, 2005). The neonates remain attached to the intrauterine 
placenta by an umbilicus as they migrate to the pouch (Gordon and Hulbert, 1989). 
 
Because peramelids have such a fleeting gestation period yet are still rather well 
developed at birth and have a rapid post-natal growth phase, it is theorized that the 
chorioallantoic placenta is a more efficient organ of exchange and therefore an 
invaluable adaptation to facilitate their remarkable reproductive rate (Gordon and 
Hulbert, 1989). 
 
 221.4.4 Parturition 
It is not known what mechanism signals the process of parturition, but, as in 
eutherians, the fetal pituitary-adrenal axis seems to be at least partially functional by 
the end of gestation (Hall and Leslie, 1990). Delivery is achieved via the median 
vagina, which is patent only during parturition and closes again within one day 
thereafter (Tyndale-Biscoe and Renfree, 1987). The female lies on her side, raises a 
hind leg and vigorously licks her vulva (Tyndale-Biscoe and Renfree, 1987). 
Embryonic pouch young emerge and make their way to the pouch, where each attaches 
to a teat (Tyndale-Biscoe and Renfree, 1987). The placentae are retained within the 
uteri and the pouch young remain temporarily attached to them by allantoic stalks 
(Tyndale-Biscoe and Renfree, 1987). These stalks remain intact for up to 50 minutes 
after the pouch young has attached to a teat, and the umbilicus disappears within 2 
days following parturition (Hall, 1990; Tyndale-Biscoe, 2005). 
 
1.4.5 Pouch life and lactation 
Upon entering the pouch, each neonate attaches to one of the eight teats that are 
arranged in two semicircles of four teats on each side of the ventral midline (Tyndale-
Biscoe, 2005). If the pouch has been recently vacated by newly weaned pouch young, 
the teat(s) used by the previous tenant(s) will be quite enlarged, though this does not 
prevent new pouch young suckling from them (Merchant, 1990; Tyndale-Biscoe, 
2005). 
 
Most marsupials’ corpora lutea do not last long into lactation, but bandicoots force 
another exception to the general rule, by having functional luteal tissue persist well 
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lactation seem to have a role in oestrus inhibition (Tyndale-Biscoe and Renfree, 1987). 
 
Peramelid milk composition varies over the course of pouch life (Tyndale-Biscoe, 
2005). Milk secreted in the first half of lactation is high in oligosaccharides, but 
relatively low in lipids, proteins and total solids (Tyndale-Biscoe, 2005). In the second 
half of peramelid lactation the sugar concentration is diminished, the protein 
concentration also drops while the lipid content rises dramatically, until it is second 
only to seal milk in its richness of milk solids (Merchant, 1990; Tyndale-Biscoe, 
2005). 
 
Pouch life is analogous to the fetal growth phase eutherians undertake within the 
uterus. Instead of deriving nourishment via the placenta and protection within the 
stable and sterile intrauterine environment, marsupial pouch young suckle milk during 
their period of rapid growth and find shelter within the confines and amongst the 
microbiological milieu of the pouch (Yadav et al., 1972; Old and Deane, 1998).  
 
1.4.6 Pouch emergence 
Whether in captivity or in their natural range, between 1 and 3 pouch young are 
typically produced in each litter, with an average of 1.5-2.2 (Short et al., 1998; 
Noakes, 2007; Richards and Williams, 2007; Short, 2007; Thomas, 2007). Pouch 
young grow within the pouch environment for 50-54 days, after which they begin to 
emerge, the mother returns to oestrus and the young are weaned immediately before 
the new litter is born, approximately 61-63 days after their birth (Tyndale-Biscoe and 
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the insistence of their mother (Gordon and Hulbert, 1989). 
 
1.4.7 Reproductive cycle 
Bandicoots are polyoestrous and polytocous with an oestrus cycle of 20-21 days 
(Tyndale-Biscoe and Renfree, 1987). The phenomenon of embryonic diapause is not 
known in peramelids: indeed such an adaptation is scarcely necessary because with 
favourable environmental conditions, a new litter can be produced roughly every two 
months (Tyndale-Biscoe and Renfree, 1987). It is possible for P. bougainville females 
to reproduce throughout the year (Richards and Williams, 2007; Thomas, 2007), 
however the breeding season of P. bougainville on Bernier and Dorre Islands lasts 
from April to October, avoiding the hottest months of the year (Short et al., 1998; 
Friend and Burbidge, 2002). It seems that the breeding season of bandicoots generally 
avoids the harshest times of year for each particular habitat or locality (Tyndale-Biscoe 
and Renfree, 1987; Lobert and Lee, 1990). This may be a reflection in itself of 
maternal body weight and the availability of adequate nutrition (Tyndale-Biscoe and 
Renfree, 1987). Monitoring of P. bougainville populations at Roxby Downs, Heirisson 
Prong, Bernier Island and Dorre Island, suggests that periods of reproduction in these 
semi-arid or arid environments is strongly linked to rainfall (Short et al., 1998; 
Moseby, 2007; Short, 2007). Sexual maturity is attained at approximately 3-4 months 
of age for females at 175 grams, and 5 months of age for males at about 195 grams 
(Short et al., 1998). 
 
 251.4.8 Mating behaviour 
Sexual attraction occurs for only a few nights before oestrus, with strong attraction 
only during the few hours at dusk before copulation, and abruptly ceases thereafter 
(Tyndale-Biscoe and Renfree, 1987). The male follows the female (whose pouch is 
often laden with young on the verge of weaning) and attempts to grasp her tail. He 
anchors the female’s tail to the ground, while she raises her hindquarters. Intromission 
lasts less than 30 seconds at a time, repeated many times over a 26 – 120 minute 
copulation period (Tyndale-Biscoe and Renfree, 1987). 
 
1.4.9 Male reproductive anatomy and physiology 
Spermatozoa are produced by the spermatogenic epithelium within the testes and travel 
via the epididymes and vasa deferentia (Woolley, 1990). The relatively large testes 
(14.5 × 10.5 mm) which are contained within a pedunculated scrotum also perform the 
endocrine function of secreting testosterone and other steroids (McFarlane et al., 1990; 
Woolley, 1990). The mean adult scrotal width was 23.4 mm for male P. bougainville 
in their natural environment (Short et al., 1998). The spermatozoa of peramelids are 
unconjugated and have distinctive morphology: the sperm head is dorso-ventrally 
flattened, with concave lateral margins, contains a proximal acrosomal cap, and a 
ventral groove runs the entire ventral surface (Harding et al., 1990). Prostatic 
secretions provide nourishment for the motile sperm, mainly in the form of the sugar 
N-acetylglucosamine, with smaller amounts of glycogen, glucose and fructose 
(Tyndale-Biscoe and Renfree, 1987). Seminal fluid is passed through the bifid penis 
and deposited in the urogenital sinus of the female during copulation (Tyndale-Biscoe 
and Renfree, 1987). 
 
 261.4.10 Diet 
Western barred bandicoots are terrestrial omnivores: arthropods, plants, fungi and 
small vertebrates make up their usual diet (Visser, 2000a, b; Friend and Burbidge, 
2002). Examination of P. bougainville stomach contents routinely reveals a large 
amount of their own hair admixed with sand, remnants of invertebrates and vegetable 
matter. Visser (2000a, b) reports arthropods (beetles, grasshoppers, crickets, 
invertebrate larvae, hemipteran bugs, spiders, earwigs, ants, millipedes, centipedes) 
seeds, berries and skinks in the faeces of P. bougainville from Heirisson Prong. 
Evidence from the Peron Captive Breeding Facility corroborates Krefft’s (1866) 
observation that P. bougainville eat mice (Noakes, 2007). Whether the mice observed 
by Krefft were Mus sp. or Pseudomys sp. remains uncertain. 
 
1.4.11 Daily patterns 
Western barred bandicoots are solitary and nocturnal (Richards, 2003). During 
daylight hours they occupy a well-concealed nest consisting of a shallow 
hemispherical ‘scrape’ lined with and covered by locally available plant material 
(Friend and Burbidge, 2002). Nests are not shared except in the case of females 
bearing pouch young (Friend and Burbidge, 2002). At dusk, they leave their nest to 
forage and hunt for food. These activities last all night and individuals usually return to 
the same nest before the new dawn (Friend and Burbidge, 2002). Typically, western 
barred bandicoots range less than 400 m per 24 hours, however, males and females 
have been observed to travel up to 1020 m and 490 m, respectively (Richards, 2003). 
P. bougainville on Dorre Island occupy overlapping home ranges of 6.2-14.2 hectares 
and 1.4-2.5 hectares for females and males, respectively (Richards, 2003). 
 
 271.4.12 Lifespan 
It is not known precisely how long P. bougainville usually live in the wild. Western 
barred bandicoots kept at Heirisson Prong have been observed to survive more than 5 
years (Short, 2007). The calculated mean survival times were 8 and 10 months for 
males and females respectively (Richards, 2003). These survival time means are 
underestimates due to the unpredictability of trapping success (Richards, 2003). At 
Kanyana Wildlife Rehabilitation Centre, the most long-lived western barred bandicoot 
survived to 8 years (J. Butcher, personal communication, 2007). 
 
1.4.13 Habitat 
P. bougainville inhabited scrublands across the southern arid and semi-arid zones of 
mainland Australia at the time of European exploration of the continent (Friend and 
Burbidge, 2002), but fossil records indicate that P. bougainville were present on the 
Darling Downs of Queensland during the Pleistocene, possibly sympatric with I. 
obesulus and P. nasuta (Price, 2004).  On Bernier and Dorre Islands, P. bougainville 
favour the scrublands of stabilized sand dunes behind the beaches (Friend, 1990; 
Friend and Burbidge, 2002). Recent observations at Heirisson Prong and Roxby 
Downs indicate that the habitat requirements of P. bougainville are flexible in the 
absence of feral predators (Richards, 2003; Moseby, 2007). 
 
1.4.14 Intraspecific aggression 
Mating behaviour sometimes leaves large wounds on the females and some individuals 
have been known to bite and sever other bandicoots’ tails, even while within the pouch 
(J. Butcher, personal communication, 2005). Indeed, few adult P. bougainville have a 
full length tail (J. Butcher, personal communication, 2005). 
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The last specimen of a mainland P. bougainville was collected from Mt. Crombie, 
South Australia in 1931 (Kitchener and Vicker, 1981). The last mainland P. 
bougainville collected from Western Australia was from Rawlinna two years earlier in 
1929 (Copley et al., 1989). The precipitous decline in the population of P. bougainville 
since European colonisation of Australia is attributed predominantly to the 
introduction and release of predators such as foxes (Vulpes vulpes) and cats (Felis 
catus), with simultaneous habitat loss brought about through pastoralism, agriculture 
and urban development (Richards, 2003). Competition for food and shelter with other 
introduced vertebrate species, such as the European rabbit (Oryctolagus cuniculus) and 
alteration in fire regimes once facilitated by indigenous Australians may also have 
contributed to this species’ decline (Richards, 2003). These (and possibly other) factors 
combined to cause the rapid extermination of P. bougainville from mainland Australia 
within 150 years of European settlement (Richards, 2003). 
 
Fortunately, P. bougainville survived in exile on Bernier Island and Dorre Island, two 
spits of land far enough from the Western Australian coast to make exotic predator 
incursions unlikely, and inhospitable enough to go relatively unnoticed by settlers. 
These remote islands have acted as an ‘ark’ from which founder animals for captive 
breeding colonies of P. bougainville have been sourced. 
 
 291.6 Colonies 
There are currently only 7 sites in the world where P. bougainville live. These include 
the remnant natural populations on Bernier Island and Dorre Island; reintroduced 
populations on Heirisson Prong, Faure Island (Fig. 1.8) and in the arid recovery 
reserve at Roxby Downs; and captive breeding colonies at Dryandra Woodland and 
Kanyana Wildlife Rehabilitation Centre. Formerly, captive breeding programs were 
undertaken at the Peron Captive Breeding Centre and Monarto Zoo, but these have 
since ceased. 
 
1.6.1 Bernier and Dorre Islands 
The following account of the geology and ecology of Bernier and Dorre Islands comes 
from the research described by Short et al. (1998) and Ride et al. (1962). These and 
other sources were compiled by Hancock et al. (2000) to produce the Shark Bay 
Terrestrial Reserves Management Plan 2000-2009. 
 
Bernier Island (24°50’S; 113°08’E) and Dorre Island (25°03’S, 113°06’E) became 
separated from the Australian mainland approximately 8000 years ago as sea levels 
rose following the end of the last ice age (Hancock et al., 2000). With further rising of 
sea levels, the islands separated from each other between 3000 and 6000 years ago and 
are now divided by a narrow 4 meter deep trench (Hancock et al., 2000). Bernier 
Island is ~44 km
2 and Dorre Island is ~53 km
2 (Short et al., 1998). 
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Figure 1.8 The locations of Perameles bougainville colonies in Shark Bay, Western 
Australia. Colonies also exist at Roxby Downs, South Australia; Kanyana Wildlife 
Rehabilitation Centre, Perth; and Dryandra Woodland, near Narrogin. 
 
Geologically, the islands are plateaus of sand plains surrounded by cliffs (Hancock et 
al., 2000). The western coastline, exposed to the Indian Ocean, is characterized by 
cliffs from which large eroded slabs of rock have broken away to settle on an extensive 
inter-tidal reef platform (Hancock et al., 2000). The eastern coast is punctuated by 
narrow isolated beaches of sand or rubble (Hancock et al., 2000). 
 
The vegetation patterns of the islands differ from one another, but flora on both these 
arid islands are shaped by the harsh effects of wind and salt. On Bernier Island dwarf 
scrub may be found on dunes and elsewhere wattle thickets with patchy open grass 
flats predominate (Hancock et al., 2000). The southern and eastern parts of Dorre 
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heath and Spinifex sp. interspersed with low shrubs (Hancock et al., 2000). Eucalypt 
species occur in the centre of Dorre Island, and wattle thickets are found on the 
consolidated red sand dunes of the western coast (Hancock et al., 2000). 
 
These islands provide a vital refuge to five endangered Australian mammals: western 
barred bandicoots, burrowing bettongs (Bettongia lesueur), banded hare-wallabies 
(Lagostrophus fasciatus), rufous hare-wallabies (Lagorchestes hirsutus), and Shark 
Bay mice (Pseudomys fieldi) (Hancock et al., 2000). Reptiles including skinks, geckos, 
legless lizards, bungarras, dragon lizards and snakes make their home on the islands 
along with birds including terns, ospreys, wedge-tailed eagles, kestrels, and several 
species of wren (Hancock et al., 2000). Animal visitors to the islands include bronze 
cuckoos, barn owls, welcome swallows, Australian pipits, silvereyes, singing 
honeyeaters, turtle-doves and occasionally loggerhead and green turtles may use the 
beaches for nesting (Hancock et al., 2000). 
 
Dorre Island (Dor Eyland = dry or barren island) was named by Willem de Vlamingh, 
captain of the Geelvinck in 1696 (Hancock et al., 2000). Bernier Island was named 
over a century later in 1801 in honour of the expeditionary astronomer Pierre Francois 
Bernier on Baudin’s vessel the Geographe (Hancock et al., 2000). On this voyage 
Louis de Freycinet was a midshipman aboard the Geographe. He returned to the 
Western Australian coast seventeen years later as captain of the Uranie, to further 
explore the Shark Bay region. His expedition included Quoy and Gaimard who 
collected and first described Perameles bougainville from type specimens collected at 
Peron Peninsula. 
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Aboriginal Australians are not thought to have settled on Bernier Island and Dorre 
Island prior to European colonisation (Hancock et al., 2000). In 1908 the Lock 
hospitals were established on the islands to isolate and treat Western Australian 
aboriginals suspected of suffering from sexually transmissible and other diseases 
(Hancock et al., 2000). Women were housed on Dorre Island; the men on Bernier 
Island. In all, at least 700 patients were admitted to the now infamous Lock hospitals 
and at least 200 died on the islands before the scheme was relocated to Port Hedland in 
1918. In light of this history, it was suggested that an infectious agent brought to 
Bernier Island by one of the male patients of the Lock hospitals may have been 
responsible for the papillomatosis and carcinomatosis syndrome discovered in P. 
bougainville there (N. Thomas, personal communication, 2005). This hypothesis is 
addressed in the final 2 chapters of this dissertation. 
 
Pastoral lease of the islands began in 1864, but only Bernier Island was used for 
grazing and only for about 10 years (Hancock et al., 2000). Sandalwood cutters 
worked on Bernier Island in 1896 and cats, mice, goats, sheep and horses have all been 
introduced to the islands at one time or another, but none of these are now thought to 
persist (Hancock et al., 2000). Therefore, the islands represent a relatively undisturbed 
sanctuary for the endangered species that now inhabit them. 
 
Population monitoring expeditions on the islands are currently being undertaken twice 
annually to derive accurate estimates of the number of animals remaining in the wild, 
and also to examine the P. bougainville on Dorre and Bernier Islands for signs of the 
papillomatosis and carcinomatosis syndrome (Noakes, 2007). As yet, there have been 
 33no confirmed cases of the papillomatosis and carcinomatosis syndrome from P. 
bougainville in the White Beach area of Dorre Island. On the other hand, the syndrome 
continues to be detected in P. bougainville from the Red Cliffs Bay area of Bernier 
Island (Noakes, 2007). 
 
1.6.2 Heirisson Prong 
Heirisson Prong (26°02’S; 113°22’E) was constructed in 1989 and continues to be 
maintained by the Useless Loop Community Biosphere Project Group with the support 
of the Shark Bay Salt Joint Venture (Short et al., 1994; Richards et al., 2000; Richards 
and Short, 2003). It consists of a predator-proof fence laid across the narrow neck of 
Heirisson Prong, a 12 km
2 natural peninsula extending into Shark Bay (Short et al., 
1994; Short and Turner, 2000). The Prong consists of sand dunes and sand plains 
covered with coastal heathlands (Acacia baeckaeceae and Melaleuca cardiophylla) 
and shrublands (Acacia tetragonophylla, A. ligulata, Pittosporum phylliraeoides, 
Alectryon oleifolius and Atriplex bunburyana) (Short et al., 1994; Short and Turner, 
2000). The annual rainfall at Denham averages 226 mm with 70% falling between 
May and August (Short, 2007). 
 
On the north side of this fence, feral predators were exterminated and endangered 
species including the burrowing bettong (Bettongia lesueur), greater stick-nest rat 
(Leporillus conditor), Shark Bay mouse (Pseudomys fieldi) and western barred 
bandicoot were re-introduced (Short, 2007). House mice (Mus musculus) and 
European rabbits (Oryctolagus cuniculus) have flourished on the northern side of the 
predator exclusion fence (Robley et al., 2002). Dr. Jeff Short and co-workers 
periodically (2-4 times annually) trap and monitor the populations of these animals 
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with 2 more in 1996, contained by far the greatest number of captive P. bougainville, 
entirely descended from Dorre Island stock, up until an incursion of feral cats in 2007 
combined with a severe drought, which appears to have eradicated the P. bougainville 
population there (J. Short, personal communication, 2008). 
 
The population of P. bougainville at Heirisson Prong has undergone dramatic 
historical fluctuations. The former nadir of 10 animals known to be alive was caused 
by an incursion of feral cats into the Prong (Short and Turner, 2005). At other times, 
the population has soared to approximately 500, which is approaching the maximum 
observed density on Bernier and Dorre Islands of 45.5 per km
2 (Short et al., 1997). In 
the absence of significant predator incursions, rainfall appears to be the major factor 
influencing the number of P. bougainville within the Heirisson Prong population 
(Short, 2007). The abundance of rabbits may be detrimental to the bandicoot 
population, especially during times of drought (Short, 2007). 
 
The average litter size for P. bougainville at Heirisson Prong is 1.94 and the maximum 
recorded age is >5 years for a female and 4.5 years for a male, however average 
lifespan is less than 18 months (Short, 2007). No signs of the papillomatosis and 
carcinomatosis syndrome or Chlamydophila sp. infection have been detected in P. 
bougainville from Heirisson Prong despite close veterinary examinations performed in 
October 2002, October 2005 and May 2006 (Short, 2007). Furthermore, the White 
Beach site on Dorre Island from which the Heirisson Prong founder animals were 
collected is also currently considered free of the papillomatosis and carcinomatosis 
syndrome. Therefore, Heirisson Prong represented an extremely valuable population of 
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predation and severe drought is lamentable.  
 
1.6.3 Faure Island 
Faure Island (25°51’S; 113°53’E) was acquired by the Australian Wildlife 
Conservancy in 1999 and is a 6000 hectare island that lies in Disappointment Reach, 
east of the Peron Peninsula (Richards and Williams, 2007). The island consists of 
undulating sandy plains and dunes with inter-dunal birridas. The sandy plains support 
Acacia sp. (chiefly A. ramulosa) and the dunes are covered with mallee eucalypts and 
Spinifex longifolius. There are also samphire and Atriplex sp. shrub-lands and 
mangrove woodlands (Wilson, in press; Keighery and Muir, in press). Once a sheep 
and goat farm, this island was destocked of introduced livestock and baited intensively 
and successfully with sodium monofluoroacetate to eradicate cats (Algar and Burrows, 
2003). It is now a refuge for endangered native marsupials including the burrowing 
bettong (Bettongia lesueur), Shark Bay mouse (Pseudomys fieldi), banded hare-
wallaby (Lagostrophus fasciatus), greater stick-nest rat (Leporillus conditor) and 
western barred bandicoots (Richards and Williams, 2007). 
 
In October 2005, 20 P. bougainville (11 males and 9 females) from Heirisson Prong 
were trapped, anaesthetised, examined for signs of warts and any other diseases by 
Lucy Woolford and myself, air-lifted to Faure Island and released there to establish a 
new colony. Six animals were radio-collared and tracking studies conducted for the 
next 19 days indicated the success of the translocation program (Richards and 
Williams, 2007). Regular monitoring expeditions since the establishment of this new 
colony have yielded promising results. The estimated P. bougainville population is 
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were either carrying 1 to 3 pouch young (mean = 2.1) or had hypertrophied nipples 
suggestive of recent vacation of the pouch (Richards and Williams, 2007). Even more 
encouragingly, there has been no sign of papillomatosis or any other disease issues of 
significance in this fledgling population (Richards and Williams, 2007).  
 
1.6.4 Roxby Downs 
The Arid Recovery Reserve at Roxby Downs (30°21’S; 136°53’E) is an 86 km
2 fenced 
enclosure from which rabbits, cats and foxes have been removed (Moseby, 2007). The 
fence encloses several arid habitats including sand dunes covered by Acacia ligulata, 
Dodonaea viscosa and Alectryon oleifolius with stands of saltbush Enchlaena 
tomentosa; claypans; inter-dunal clay swales with mixed chenopod shrub-lands 
(Atriplex vesicaria and Maireana astrotricha); mulga (Acacia aneura) sand-plains; and 
canegrass (Eragrostis australasica) swamps (Moseby, 2007). The rainfall is non-
seasonal and averages 166 mm annually (Moseby, 2007). 
 
Western barred bandicoots were first released into an 8 hectare release pen within a 14 
km
2 predator-proof enclosure at Roxby Downs in September 2000 (Moseby, 2007). 
This population was founded from 12 Bernier Island P. bougainville, but news of the 
papillomatosis and carcinomatosis syndrome prompted these animals to be recaptured 
and sent to Adelaide Zoo for 7 months for observation (Moseby, 2007). The 10 
surviving animals were re-released into the release pen at Roxby Downs in May 2001 
(Moseby, 2007). Of these, three died due to complications associated with radio collar 
devices, therefore the population of P. bougainville at Roxby Downs was founded by 7 
individuals (5 females and 2 males). Three more P. bougainville (2 males and 1 
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Reserve in May 2002 (Moseby, 2007). Estimates put this captive population at 40 
animals in February 2007 (Moseby, 2007). 
 
There are more enclosures available at Roxby Downs that offer the possibility of future 
expansion of the P. bougainville colony there (Moseby, 2007). However, monitoring 
these animals has proved problematic due to complications arising from the use of 
radio collars and the abundance of bettongs leading to low trapping success (Moseby, 
2007). Monitoring is currently undertaken using track transects, scanning plates to 
remotely detect passive transponders and nocturnal spotlighting expeditions (Moseby, 
2007). While no direct evidence of wart lesions has yet been detected at Roxby Downs 
(Moseby, 2007), these remote methods of population monitoring are insufficient to 
detect the often exceedingly subtle lesions of the papillomatosis and carcinomatosis 
syndrome. Given that the source of the founder animals is a site now well known to 
harbour the virus associated with the papillomatosis and carcinomatosis syndrome, it 
would be prudent to consider the Roxby Downs site likely to be infected, until proven 
otherwise. 
 
1.6.5 Dryandra Woodland 
Dryandra Woodland (32°46’S; 116°58’E), consists of three enclosures: Dryandra 
North, Dryandra South and Barna Mia (Thomas, 2007). Vegetation consists of wandoo 
and powder bark trees, Leptospermum sp. scrub, mixed Proteaceae heath and 
Allocasurina sp. (Thomas, 2007). The endangered species contained within these 
enclosures include bilbies (Macrotis lagotis), burrowing bettongs (Bettongia lesueur), 
rufous hare-wallabies (Lagorchestes hirsutus), banded hare-wallabies (Lagostrophus 
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from terrestrial feral predators by cyclone-wire fencing with buried skirting and an 
electrified zone at the top to prevent climbing predators. Dryandra North and South are 
two 10-hectare enclosures simply divided from each other by a single cyclone wire 
fence. P. bougainville have been known to unexpectedly move between these 
enclosures. Whether this is achieved by climbing over the dividing fence or by 
squeezing through the apertures of the cyclone-wiring is unknown. Certainly, if a 
bandicoot can travel between enclosures, it must also be possible for it to escape from 
the protection of these enclosures. This deduction has been supported by the 
unexpected trapping of an adult P. bougainville outside the enclosures in 2007 (J. 
Lawson, personal communication, 2007). 
 
The climate at Dryandra Woodland is typified by hot dry summers (29.9 °C average 
ambient air temperature) and mild wet winters (15.2 °C average ambient air 
temperature) (Larcombe and Withers, 2006). The average rainfall is 502.5 mm of 
which approximately half falls over winter, less than 10% over summer and the 
balance spread fairly evenly over spring and autumn (Larcombe and Withers, 2006). 
 
The endangered species are monitored by Western Australian Department of 
Environment and Conservation (DEC) officers during routine trappings conducted at 
least three times per year and maintenance of the Dryandra facilities is carried out 
weekly by DEC officers. Barna Mia is a nearby ecotourism/community education 
facility. The animals within the enclosures have ad lib access to water and 
supplementary pelletised food specifically developed for herbivores and omnivores by 
Drs. Kristin Warren, Tony Friend and Warren Potts (Thomas, 2007).  
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The P. bougainville colony at Dryandra Woodland was established in April-May 1998 
with 27 animals released into the north enclosure: 7 from Dorre Island, 18 from 
Kanyana and 2 from Peron Captive Breeding Centre (Thomas, 2007). Since then, 114 
have been born in the north and south enclosures (Thomas, 2007). Some have been 
known to survive for more than 4.5 years and females have been observed to breed up 
to 3 times per year and all year round with 1-3 young per litter (median 2, average 1.7) 
(Thomas, 2007). Four individuals were released into a soft release enclosure in 
September 2000, but their fate is unknown (Thomas, 2007). The P. bougainville found 
unexpectedly outside the enclosure could conceivably be a descendant of these 
individuals, but it is more likely that this individual is a recent escapee from one of the 
main enclosures. 
 
Western barred bandicoot papillomatosis and carcinomatosis syndrome was identified 
in the Dryandra population in September 2000, then again in July 2004 (Thomas, 
2007). Since March 2005, individuals expressing lesions consistent with the syndrome 
have been regularly detected and translocated to Kanyana Wildlife Rehabilitation 
Centre. The 4 year gap in detection of subsequent cases of the papillomatosis and 
carcinomatosis syndrome is most likely due to the subtlety of early lesions and the 
difficulty in conducting a thorough clinical examination on conscious P. bougainville. 
All P. bougainville within the Dryandra and Barna Mia enclosures, and any found in 
the surrounding bush land must be considered potential carriers of the virus associated 
with the papillomatosis and carcinomatosis syndrome. The hypothesis that P. 
bougainville can shed the bandicoot papillomatosis carcinomatosis virus type 1 well 
before expressing any clinically apparent lesions associated with the papillomatosis 
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are discussed in greater detail in following chapters.    
 
1.6.6 Kanyana Wildlife Rehabilitation Centre 
Kanyana Wildlife Rehabilitation Centre (KWRC) is currently located at 70 Kalamatta 
Way, Gooseberry Hill, Western Australia (31°57’S; 116°03’E). An experimental 
captive breeding program for P. bougainville was commenced in 1994 to determine 
whether individuals from Dorre and Bernier Islands could successfully interbreed. At 
the same time, protocols were pioneered for maintaining and breeding P. bougainville 
in captivity (Butcher, 2007). 
 
At KWRC, P. bougainville are now accommodated individually within modified 
aviaries, completely protecting them from predation (Fig. 1.9). They are kept on a sand 
substrate with scattered branches, leaves and twigs in which they shelter during the 
day. There is also a wooden nesting box in each enclosure. P. bougainville have been 
observed to climb to remarkable heights within the enclosures at night. The animals 
have ad lib access to water and a diet consisting of mealworms, crickets, moths, fruits 
and vegetables and the omnivore pellets mentioned above. Their food intake is 
monitored daily by weighing the meals provided and any leftovers (Butcher, 2007). 
Each enclosure has its own hinged trapdoor that ingeniously facilitates the feeding 
process without the need to enter the enclosures themselves. Doors between different 
enclosures once allowed controlled mating to take place, but now, rather than a captive 
breeding facility, KWRC has become the hospital colony for P. bougainville affected 
by the papillomatosis and carcinomatosis syndrome (Butcher, 2007). Consequently, 
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and breeding programs have ceased (Butcher, 2007).  
 
The P. bougainville at KWRC are cared for by numerous dedicated volunteers, led by 
June Butcher. The astute observations of KWRC volunteers in April 1999 first 
detected the presence of the wart syndrome which led to the instigation of the western 
barred bandicoot project (Butcher, 2007). The experimental captive breeding program 
at KWRC was very successful with a total of 52 offspring born and reared and up to 20 
breeding pairs active at the height of the program (Butcher, 2007). The contributions 
and expertise of KWRC volunteers in determining how P. bougainville can be kept 
and bred in captivity should not be underestimated. They continue to provide care for 
P. bougainville afflicted with the wart condition.  
 
 
Figure 1.9 Kanyana Wildlife Rehabilitation Centre is operated by dedicated volunteers 
led by June Butcher (pictured at right). The enclosures where Perameles bougainville 
were kept and bred successfully now function as hospital accommodation for 
individuals affected by the western barred bandicoot papillomatosis and 
carcinomatosis syndrome. 
 421.6.7 Peron Captive Breeding Centre 
Peron Captive Breeding Centre (26°12’S; 113°46’E) received 30 P. bougainville (12 
males and 18 females) in May 1998, directly translocated from the wild population at 
Red Cliff Bay, Bernier Island (Noakes, 2007). The enclosure complex consisted of 32 
pens 3 × 2 m partitioned with galvanized sheet metal to a height of 1.2 m and 
continued to the roof with galvanized bird mesh (Noakes, 2007). Each pen had a mesh 
panel to allow for neighbouring animals to “meet” prior to pairing and a door to allow 
human access (Noakes, 2007). One of the pens was set aside for quarantine and was 
concreted to facilitate disinfection procedures, while other pens had flooring consisting 
of galvanized bird mesh covered with builders’ sand (Noakes, 2007). 
 
The diet offered consisted of ad lib water, and daily meals of bird seed, Eukanuba 
small breed puppy biscuits, turkey starter with vitamin E and calcium supplementation, 
moistened insectivore mix, mealworms, a small amount of fruits or vegetables and 
occasionally a meatball (Noakes, 2007). Every other day, the puppy biscuits were 
scattered within the pens to stimulate foraging behaviour (Noakes, 2007). Internal 
parasite prophylaxis was achieved with 6-monthly ivermectin therapy and behavioural 
enrichment was offered in the form of regular supplies of fresh Acacia sp. leaf litter to 
encourage natural hunting of invertebrates and nest building (Noakes, 2007). 
Unfortunately, the pen design did not facilitate easy cleaning, and the facility was not 
mouse-proof: the abundance of house mice (Mus musculus) reportedly became quite 
high and captive P. bougainville were even observed to hunt them on occasion just as 
Krefft observed (Krefft, 1866; Noakes, 2007). 
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three years, more than 70 Peron-born offspring had been born (Noakes, 2007). Captive 
P. bougainville lived up to approximately 5 years of age or on average, 3 years for 
males and 3.5 years for females (Noakes, 2007). Females began breeding at 
approximately 5 months and produced 5 offspring each on average over their breeding 
life of approximately 3 years (Noakes, 2007). Males also began breeding at 5 months 
and had a breeding life of slightly less than 3 years (Noakes, 2007). Most births 
occurred between January and July with 52% of litters containing 1 offspring, 44% 
twins and 4% triplets (Noakes, 2007). Pouch emergence occurred when joeys attained 
70 grams and independence was achieved at approximately 100 grams bodyweight or 
three months of age (Noakes, 2007).  
 
Several challenges were encountered with keeping P. bougainville in captivity at the 
Peron facility including the occurrence of Mycobacterium marinum-associated skin 
lesions, intraspecific aggression, “pouch dumping” or infanticide, overcrowding, the 
abundance of house mice and the occurrence of the papillomatosis and carcinomatosis 
syndrome (Noakes, 2007). Though highly successful, the captive breeding program 
was halted in mid 2001 due to overcrowding and increasing concerns regarding disease 
issues including the papillomatosis and carcinomatosis syndrome (Noakes, 2007). The 
last remaining 7 P. bougainville from the Peron facility were translocated to KWRC in 
February 2005 (Noakes, 2007). 
 
1.6.8 Monarto Zoological Park 
Monarto Zoological Park (35°06’S; 139°09’E) is a 1,000 hectare open range sanctuary 
administered by the Royal Zoological Society of South Australia located near Murray 
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endangered species (http://www.adelaidezoo.com.au). This facility received 12 P. 
bougainville from the Arid Recovery Reserve, Roxby Downs, South Australia, in late 
2000 after concerns regarding the health status of the 19 original bandicoots 
translocated from Bernier Island in September 2000 emerged (Moseby, 2007). These 
12 were kept for observation at Monarto Zoo for 7 months, in which time no clinical 
evidence of papillomatosis was observed (Moseby, 2007). No animals bred during this 
time, despite attempted pairings, though 2 offspring, conceived at the Arid Recovery 
Reserve were born and two females died of natural causes (Moseby, 2007).  
 
In 2002, Monarto Zoo received 4 P. bougainville from KWRC (Moseby, 2007). These 
4 were part of the September 2000 translocation from Bernier Island in which 7 
individuals had been diagnosed with either warts or ocular Chlamydophila sp. 
infections (Butcher, 2007; Moseby, 2007). A captive breeding program was 
established, and three hand-raised young were sent to the Arid Recovery Reserve in 
May 2002 (Moseby, 2007). However, later in 2002, one of the adults in the captive 
breeding program developed clinical papillomatosis (Moseby, 2007). Monarto Zoo is 
not currently taking part in the P. bougainville captive breeding program.  
 
1.7 Behavioural studies of captive P. bougainville  
Aerial predator recognition in captive P. bougainville was assessed by Jose et al. 
(2002) using a model similar in appearance to a black-shouldered kite (Elanus 
caeruleus). Apparently, the P. bougainville could recognize the moving kite model, 
due to a statistically significant difference in time spent walking when P. bougainville 
were exposed to the model compared with time spent walking in the presence of a 
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response to simulated avian predator attack inspired little confidence in their ability to 
respond effectively to genuine avian predators in the wild.   
 
1.8 Physiology of captive P. bougainville 
Larcombe and Withers (2006) reported a thermo-neutral body temperature of 33.7 ± 
0.2 °C, and perhaps unexpectedly, a high observed basal metabolic rate of 0.68 ± 0.03 
mL O2 per gram per hour at 30 °C. So it seems P. bougainville maintain a low core 
body temperature through dissipation of metabolic heat by highly effective thermal 
conduction. This may be an adaptation to conserve water, by reducing the amount of 
water lost through evaporative cooling mechanisms, at the expense of energy 
conservation. 
 
Body mass, body temperature and oxygen consumption did not vary significantly 
between winter and summer, and the effects of ambient temperature on oxygen 
consumption, carbon dioxide productions, total evaporative water losses and minute 
ventilation were as expected for endotherms (Larcombe and Withers, 2006). At low 
ambient temperatures, the calculated respiratory exchange ratios were inexplicably low 
for P. bougainville – even below the theoretical minimum for mammals. The authors 
concluded that further studies were required to clarify their somewhat unexpected 
results. 
 
 461.9 Chlamydiales in wild and captive P. bougainville 
Bodetti et al. (2003) reported the detection of chlamydiales in 19 of 26 P. bougainville 
tested from Dryandra Woodland and Bernier Island using a PCR technique designed to 
amplify part of the bacterial 16S ribosomal RNA gene. Thirteen of these P. 
bougainville had clinically apparent conjunctivitis and/or conjunctival hyperplasia at 
the time of examination and sample collection, and all 13 tested positive for 
chlamydiales. Five P. bougainville in the study had corneal opacities or cataracts 
which were considered suggestive of previous severe conjunctivitis. 
 
Warren et al. (2005) described a treatment protocol for ocular chlamydiales infection 
in translocated P. bougainville which included weekly oxytetracycline administered 
intramuscularly for 6 weeks and daily topical oxytetracycline/neomycin eye drops for 
4 months. Markey et al. (2005) reported the development of a quantitative PCR 
technique for detecting Chlamydiales in swabs from Australian native fauna. They 
found 4 positive P. bougainville from 19 animals tested from the Dryandra and KWRC 
populations. 
 
1.10 Population genetics of P. bougainville 
The genetic diversity of P. bougainville in natural, captive and reintroduced 
populations was recently assessed (Smith and Hughes, 2007). Using microsatellite 
analysis of mitochondrial DNA and major histocompatibility complex gene loci, it was 
estimated that the genetic diversity of P. bougainville is amongst the lowest ever 
recorded for marsupials. There was no variation between populations in the DAB gene 
of the beta 1 domain of MHC class II, and this may be indicative of impairment in the 
ability of P. bougainville to detect and appropriately respond to the presence of 
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mitochondrial DNA loci studied only differed by one base pair, again highlighting the 
very low estimated level of genetic diversity between all extant P. bougainville (Smith 
and Hughes, 2007). Despite this, effects of inbreeding depression were not detected 
(Smith and Hughes, 2007). It is clear that genetic diversity issues must be carefully 
considered in formulating management plans to conserve P. bougainville populations 
into the future.  
 
1.11 Museum specimens of P. bougainville 
Hill (2005) reported on examinations of P. bougainville specimens kept in the Western 
Australian museum and Woodvale Wildlife Research Centre collections. Out of 70 
individuals examined, 3 had apparent wart lesions. All 3 (1 male and 2 females) had 
been collected from Red Cliff Point, Bernier Island in 1982, 1983 and 1988 
respectively. 
 
P. bougainville specimens archived in the Australian Museum in Sydney and the South 
Australian Museum in Adelaide were examined but no definitive lesions were found 
(L. Woolford, personal communication, 2007). Given the subtlety of the lesions, the 
desiccated nature of the study skins and the collectors’ preference for preserving ‘good 
quality’ specimens, the discovery of obvious examples of papillomatosis in such skin 
specimens would be exceedingly unlikely.  
 
 481.12 Conclusions 
Western barred bandicoots have existed in Australia for several million years and are 
descended from an ancient evolutionary lineage of marsupials. Their ability to 
reproduce rapidly, make use of numerous habitats and derive nourishment from many 
and varied sources have been key factors in their success and survival throughout the 
millennia. During the early years of European settlement of Australia, P. bougainville 
was considered quite common across the southern half of the mainland of the 
continent, from New South Wales, through Victoria, South Australia and into Western 
Australia, but within 150 years of European colonization, P. bougainville had been 
virtually exterminated. This dramatic rout has been attributed primarily to the 
introduction of feral terrestrial predators – cats and foxes in particular – along with 
habitat destruction and altered land management practices. 
 
Recent attempts to bring this species back from the brink of extinction have proved 
that in the absence of feral predators, P. bougainville can survive and flourish in many 
habitats and under many different climatic and management conditions. Intensive 
management and closer observation of this species have led to the detection of several 
disease entities, which have highlighted the paucity of scientific knowledge of health 
parameters for bandicoots in general and P. bougainville in particular. The following 
chapters provide data that will facilitate the characterization and diagnosis of diseases 
in P. bougainville and assist with population health monitoring. Hopefully, this 
information will help those charged with managing the remaining populations of P. 
bougainville with the important task of ensuring the health and survival of this 
endangered Australian marsupial species. 
 49Chapter 2 
Clinical pathology and immunology of western barred 
bandicoots 
2.1 Introduction 
2.1.1 The value of species-specific reference intervals 
Since western barred bandicoots have been brought into more intensively managed 
systems for captive breeding purposes, veterinarians involved with these programs 
have found few means by which to objectively assess individual and population health 
status. Monitoring food consumption and animal weight over time, allied with 
intermittent clinical examinations with or without chemical restraint, provided the only 
measure of health status in captive P. bougainville prior to the studies outlined in this 
and subsequent chapters (K. Warren, personal communication, 2005; Butcher, 2007; 
Short, 2007). 
 
Veterinarians dealing with domesticated species have access to laboratory support in 
the form of blood and urine tests, for which sample results can be compared to 
reference intervals. Such data can be extremely useful for detecting subtle changes in 
the health status of individual animals and animal populations in minimally invasive 
ways (Clark, 2004). Laboratory results can significantly augment veterinarians’ ability 
to diagnose, manage and understand the pathophysiology of diseases, however, the 
interpretation of laboratory results is significantly facilitated by comparison with a 
well-defined range of results expected from healthy animals of that particular species 
(Clark, 2004). 
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haematology of P. bougainville. Furthermore, there were few studies that documented 
the haematology of any peramelemorph species (Parsons et al., 1971; Agar and 
Godwin, 1991; Gemmell et al., 1991). Only one reference could be found addressing 
the clinical chemistry of peramelemorphs (Parsons et al., 1971), and absolutely none 
were found that mentioned their urinalysis results. No work had been done on the 
tissue enzyme distributions of peramelemorphs, making the interpretation of clinical 
enzymology results less meaningful. In this chapter, guidelines for the objective 
interpretation of these basic laboratory tests are presented and then applied to the study 
of western barred bandicoot diseases. 
 
2.1.2 Host factors in western barred bandicoot papillomatosis and carcinomatosis 
syndrome 
The disease of greatest concern to managers of captive populations of P. bougainville 
remains the western barred bandicoot papillomatosis and carcinomatosis syndrome. 
This syndrome has been associated with a novel virus (Woolford et al., 2007) and it 
appears to be an infectious disease with many similarities to papillomavirus-associated 
diseases, and will be modelled as such in this chapter. The clinical presentation, course 
and outcome of infectious diseases are determined by the interaction of three factors: 
pathogen factors, environmental factors and host factors. The first two factors are 
discussed elsewhere. This chapter focuses on host factors – particularly the role of the 
host immune system. The host immune system is critically important in determining 
the course and outcome of papillomavirus infections (Nicholls et al., 1999) 
 
 512.1.2.1 Low genetic diversity 
Smith and Hughes (2007) indicated that there was very little genetic diversity among 
all living P. bougainville, though there were no clear signs of inbreeding depression. 
The occurrence of proliferative epithelial lesions associated with papillomaviruses 
(PVs) has been documented recently in other endangered or threatened species such as 
the Florida manatee (Trichechus manatus latirostris), bonobo (Pan paniscus), bobcat 
(Lynx rufus), Florida panther (Puma concolor), Asian lion (Panthera leo persica) and 
snow leopard (Uncia uncia) (Van Ranst et al., 1991; Sundberg et al., 2000; Woodruff 
et al., 2005; Rector et al., 2007). Furthermore, certain groups of humans with reduced 
genetic diversity are at a heightened risk of developing clinically apparent lesions 
associated with human papillomaviruses (HPVs). For example, focal epithelial 
hyperplasia of the oral mucosa is predominantly observed in Native Americans and the 
Inuit people of Greenland and Alaska. This condition, also known as Heck’s disease, is 
associated with two alpha-papillomaviruses that target the oral mucosa, HPV types 13 
and 32 (Archard et al., 1965; Beaudenon et al., 1987; Syrjänen and Syrjänen, 2000; 
Rector et al., 2007). These observations suggested that low genetic diversity and 
susceptibility to papillomavirus-associated clinical diseases may be linked. Therefore it 
is conceivable that western barred bandicoot papillomatosis and carcinomatosis 
syndrome might be related to reduced genetic diversity of remnant P. bougainville.  
 
2.1.2.2 Heritable immunodeficiency conditions 
The mechanisms by which reduced genetic diversity may be linked to increased risk of 
papillomatosis and carcinomatosis could include a genetic, heritable deficiency of the 
immune response to viral infections. Indeed, certain heritable immunodeficiency 
conditions associated with persistent PV infections have recently afforded valuable 
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by severe cutaneous HPV infection and concurrent severe combined 
immunodeficiency highlighted the importance of the γc/JAK-3 signalling pathway in 
the immune response to PVs (Laffort et al., 2004). Another primary immunodeficiency 
condition of note is the warts, hypogammaglobulinaemia, infections and 
myelokathexis syndrome (WHIMS). Patients with WHIMS suffer from recurrent 
bacterial respiratory infections and chronic warts usually associated with alpha-PV 
types (Hernandez et al., 2003). The genetic lesion of WHIMS causes a truncation of 
the cytoplasmic tail domain of the CXCR4 chemokine receptor, indicating that signal 
transduction mediated by this receptor may be critically important in the immune 
response to alpha-papillomaviruses and perhaps other papillomaviruses too 
(Hernandez et al., 2003). It is possible, though unlikely, that individuals within the 
remnant P. bougainville population are so closely related to each other that they all 
express a heritable immunodeficiency condition that predisposes them to persistent 
PV-like infections. 
  
2.1.2.3 Epidermodysplasia verruciformis 
Epidermodysplasia verruciformis (EV), recently reviewed by Orth (2006), is a 
sometimes disfiguring disorder of humans that leaves the affected individuals 
susceptible to papillomatosis associated with HPV types that are generally considered 
part of the normal microbiological flora (Antonsson et al., 2000). EV is a heritable 
condition most often seen in offspring of co-sanguineous families, usually inherited in 
an autosomal recessive manner, with complete penetrance (Orth, 2006). EV patients 
generally do not suffer from recurrent or persistent infectious diseases other than those 
caused by certain PV types: they are specifically susceptible to these pathogens and not 
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phenotype cause truncation of the penultimate exon of either of two genes, EVER1 or 
EVER2 (Orth, 2006). These genes encode transmembrane proteins expressed in the 
endoplasmic reticulum of many cell types including keratinocytes and haemopoietic 
cells (Orth, 2006). These gene truncations result in a failure to express a highly 
conserved transmembrane channel-like domain, which is thought to be important in 
signal transduction or cellular ion homeostasis (Orth, 2006). How this mutation results 
in persistent papillomatosis remains mysterious (Orth, 2006). There is a report of 
another autosomal recessive EV susceptibility locus and also a report of X-linked EV 
susceptibility, but as yet, the specific genetic lesions at these loci have not been 
determined (Androphy, 1985; Ramoz et al., 2000). An EV-like heritable condition 
could potentially be a contributing factor in the pathogenesis of western barred 
bandicoot papillomatosis and carcinomatosis syndrome, making the affected animals 
specifically unable to mount an effective immune response to the virus associated with 
this condition. 
 
2.1.2.4 Immune suppression 
Papillomavirus infection is a well known sequel to immunosuppressive conditions or 
therapies in animals (Nicholls and Stanley, 2000). Furthermore, iatrogenically 
immunosuppressed human renal transplant recipients and also AIDS patients are at a 
heightened risk of developing clinically apparent HPV infections (Bouwes-Bavinck et 
al., 2001; Ferenczy et al., 2003). Therefore, it was considered that immune suppression 
could be an important contributing factor in the pathogenesis of the western barred 
bandicoot papillomatosis and carcinomatosis syndrome. Immune suppression could be 
caused by several mechanisms, including excessive release of endogenous 
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or possibly through specific immune tolerance or immune ignorance of the infectious 
agent responsible for the syndrome. 
 
2.1.3 Immunology of western barred bandicoots 
The study of marsupial immunology is a fascinating but still relatively new field of 
inquiry. Despite this limitation, using the clinical pathology data obtained from 
clinically healthy and papilloma-affected P. bougainville it was possible to explore the 
questions posed above and identify further research that might better define the nature 
of the host immune response to western barred bandicoot papillomatosis and 
carcinomatosis syndrome. These studies contributed new insights into the immune 
physiology of P. bougainville that will enable future studies to more thoroughly 
characterize the intricacies of the P. bougainville immune system. 
 
2.1.4 Publications 
The haematology and clinical chemistry characteristics of healthy P. bougainville were 
published in two articles in Veterinary Clinical Pathology (Bennett et al., 2007a; 
Bennett et al., 2008b). Preliminary findings were presented in a poster at the 3
rd 
Australian Virology Group Meeting held at Cowes, Phillip Island, Victoria in 
December 2005. 
 
 552.2 Materials and methods 
2.2.1 Blood sample collection 
Animal handling and sample collection were carried out with the permission of the 
Murdoch University Animal Ethics Committee (R1115/05). Samples were obtained 
from wild and captive populations of P. bougainville at 5 locations in Western 
Australia: Heirisson Prong, Dryandra Woodland, Kanyana Wildlife Rehabilitation 
Centre, Dorre Island, and Bernier Island. Western barred bandicoots were trapped 
overnight using baited Sheffield traps or netted by hand, as appropriate. Clinical 
examinations were conducted under general anaesthesia induced and maintained using 
isoflurane (Isorrane, Baxter Healthcare) gaseous anaesthetic and oxygen, delivered by 
mask. Up to ~1.3 mL of whole blood was collected by jugular venipuncture using a 25 
gauge needle. Approximately 250 µL of the blood sample was decanted into a 500 µL 
collection tube (Microtainer®, Becton-Dickinson) and mixed thoroughly with the dry 
ethylenediamine tetra-acetic acid (EDTA) anticoagulant. The balance of the blood 
sample was distributed evenly between two 400 µL lithium heparin collection tubes 
(Microtainer®, Becton-Dickinson) and agitated gently. 
 
2.2.2 Blood sample processing 
Blood smears were made from EDTA blood within 2 hours of sample collection, air 
dried and stored for subsequent staining. The balance of the EDTA blood sample was 
refrigerated for up to 72 hours prior to submission for automated haematology 
analysis. Lithium heparin tubes were processed within 2 hours of sample collection. 
They were centrifuged at 500 ×g for 5 minutes and the plasma pipetted into sterile 
labeled Eppendorf tubes and frozen until submission to the Murdoch University 
clinical pathology laboratory. 
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2.2.2.1 Automated haematology analysis 
Samples were submitted to the Murdoch University Clinical Pathology Laboratory and 
analyzed with an Advia-120® automated haematology analyser and multi-species 
software using the default (canine) setting (Bayer Diagnostics Division). The following 
parameters were routinely reported: total nucleated cell concentration (WBC), 
erythrocyte concentration (RBC), haemoglobin concentration (Hgb), haematocrit 
(HCT), mean corpuscular volume (MCV), mean corpuscular haemoglobin 
concentration (MCHC), corpuscular haemoglobin concentration mean (CHCM), 
corpuscular haemoglobin (CH), red cell distribution width (RDW), haemoglobin 
distribution width (HDW), platelet concentration (PLT) and mean platelet volume 
(MPV). 
 
2.2.2.2 Blood smears 
Blood smears were stained with a Hema-tek® Slide Stainer and Hema-tek® Wright’s-
Giemsa stain (Ames Company, Miles Laboratories). These were examined using light 
microscopy to determine differential leukocyte (100 leukocytes) and 
polychromatophilic erythrocyte (1,000 erythrocytes) counts, check for the presence of 
parasitic organisms and assess erythrocyte, platelet and leukocyte morphology. 
 
2.2.2.3 Packed cell volume, total protein and fibrinogen estimation 
If there was sufficient sample volume, EDTA blood was drawn into 2 glass capillary 
tubes, sealed with putty and centrifuged at 5,000 ×g for 5 minutes. The packed cell 
volume (PCV) was measured and the total plasma protein concentration was 
determined by refractometry of the plasma using a temperature compensated Reichert 
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concentration by the heat precipitation method (Jain, 1986). 
 
2.2.2.4 Clinical chemistry analysis 
Heparinised plasma samples were evaluated using an RX Daytona
TM automatic 
biochemistry analyser (Randox Laboratories) for the following parameters: total 
bilirubin, calcium, cholesterol, creatinine, glucose, phosphate, urea, total protein and 
albumin concentrations, and the plasma activities of alanine transaminase (ALT, EC 
2.6.1.2), aspartate transaminase (AST, EC 2.6.1.1), alkaline phosphatase (ALP, EC 
3.1.3.1) and creatine kinase (CK, EC 2.7.3.2). The globulins concentration and the 
albumin:globulins ratio were calculated. 
 
2.2.2.5 Serum and plasma bank 
Any surplus plasma or serum collected from western barred bandicoots was kept in 
labeled containers and frozen at -20 °C. This “serum bank” was established to facilitate 
thorough screening of the P. bougainville population for humoral immune responses to 
various antigens if appropriate immunological tests could be devised. 
 
2.2.3 Validation of total protein estimated by refractometry 
The 500 µL EDTA tubes were routinely only half-filled with whole blood, due to the 
very small volumes of blood obtainable from P. bougainville, and the imperative to 
perform as many tests on blood samples as possible. To investigate the effect that 
routine under-filling of EDTA tubes had on plasma protein estimations performed by 
refractometry, serum from a western grey kangaroo, Macropus fuliginosus (Desmarest, 
1817), was used. Aliquots of this serum (50 µL, 250 µL and 500 µL) were added to 
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concentration. The difference in results between serum that had not come into contact 
with EDTA and the samples mixed with EDTA was reported. 
 
The accuracy of the refractometer-derived estimate of plasma protein concentration 
was checked against the total plasma protein values derived using the RX Daytona
TM. 
Blood samples from 26 healthy P. bougainville were analysed by both methods and the 
results were compared.  
 
2.2.4 Mononuclear cell preparation 
Heparinised whole blood was centrifuged at 500 ×g for 5 minutes and the plasma 
carefully removed and saved. The cells were re-suspended in phosphate buffered saline 
with 0.3% EDTA (w/v) (PBS-EDTA) and carefully layered onto Accuspin
TM cell 
separation tubes (Histopaque®-1077, Sigma-Aldrich) and centrifuged at 1,000 ×g for 
10 minutes according to the manufacturer’s guidelines. The turbid layer above the 
‘float’ was collected into a sterile Eppendorf tube and centrifuged at 500 ×g for 5 
minutes. The supernatant was removed and the cells were re-suspended in PBS-EDTA. 
This washing procedure was repeated, and the cells were finally re-suspended in the 
saved plasma. These preparations were used in subsequent flow cytometry studies, or 
in peripheral mononuclear leukocyte smears on silanised slides. 
 
 592.2.5 Flow cytometry 
Aliquots (50 µL) of whole blood collected into EDTA tubes were taken each day for 1 
week from refrigerated samples of P. bougainville blood. Each aliquot was subjected 
to hypotonic lysis of erythrocytes in 1 mL lysing solution (140 mmol/L NH4Cl and 13 
mmol/L tris, pH 7.6) for 2 minutes and briefly centrifuged to pellet the leukocytes and 
platelets. The haemoglobin-stained supernatant was removed and the cells washed in 
PBS-EDTA. The cells were then diluted in flow cytometry running buffer consisting of 
PBS with 5% heat-inactivated fetal calf serum (v/v) and passed through a 
FACSCalibur
TM Flow Cytometer (BD Biosciences). Peripheral blood mononuclear cell 
preparations were run through this apparatus to verify the location of P. bougainville 
monocytes, lymphocytes and granulocytes in the scatter plots.  
 
2.2.6 Urinalysis 
Sterile cystocentesis was performed during necropsies of euthanased P. bougainville, 
within 30 minutes of their deaths. Urine was collected into a sterile tube using a 
syringe and 22 gauge needle. Each sample was inspected visually for colour and 
turbidity, then applied to a urine dipstick (Multistix®, Bayer) and assessed according 
to the manufacturer’s guidelines. The balance of the sample was briefly centrifuged 
and the supernatant analyzed for urine specific gravity using a temperature 
compensated Reichert TS Meter (AO Corporation). The urine sediment was applied, 
unstained, to a microscope slide, cover-slipped and examined by light microscopy. 
 
2.2.7 Faecal corticosteroids 
Fresh faeces were collected from individually housed P. bougainville kept at Kanyana 
Wildlife Rehabilitation Centre. Some bandicoots routinely defaecated in their food 
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were collected early in the morning and only faeces of a size, shape and consistency 
compatible with P. bougainville faeces were collected into clean plastic tubes and 
immediately frozen at -20 °C until further processing. 
 
Frozen faeces samples were freeze dried for 24 hours using a Maxi Dry Lyo (Heto 
Holten), and then carefully weighed, placed in a 10 mL plastic centrifuge tube and 
broken up finely with a clean probe. Then 10 mL 80% methanol was added to the 
faeces and the tubes were agitated at 37 °C for 1 hour. The tubes were centrifuged at 
500 ×g for 5 minutes to pellet the faecal sediment and the supernatant pipetted into a 
sterile 5 mL plastic tube and stored at -20 °C before transportation on wet ice to 
collaborators at Macquarie University. 
 
Macquarie University staff performed radioimmunoassays on the methanol extracts to 
detect the concentration of corticosterone and cortisol in P. bougainville faeces. 
 
2.2.8 Necropsy 
P. bougainville were first deeply anaesthetised with isoflurane and as much whole 
blood as possible was collected by cardiac puncture into EDTA, lithium heparin and 
plain tubes. Euthanasia was performed using Lethabarb® (sodium pentobarbital 200 
mg/mL, Virbac Pty. Ltd.) administered by intracardiac injection. A ventral midline 
incision was made and fresh tissue samples of spleen, lung, liver, heart, kidney, 
pancreas, small intestine, skeletal muscle, and central nervous system tissues were 
immediately collected and frozen at -20°C until further processing for subsequent 
enzyme analysis. Urine was collected by sterile cystocentesis of the exposed urinary 
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10% neutral buffered formalin from all major organs and body systems for routine 
histopathology. 
 
2.2.9 Tissue enzyme analysis 
Tissue enzyme analysis was performed on tissues collected from 3 western barred 
bandicoots: 2 females debilitated by the papillomatosis and carcinomatosis syndrome 
and 1 male with an ulcerating scrotum associated with unilateral testicular torsion. 
Each tissue sample was carefully weighed then homogenised according to the protocol 
followed by Wagner and Wetzel (1999). Briefly, samples were homogenised with 3 
mL sterile PBS using a Heidolph DIAX 600 homogeniser (John Morris Scientific Pty. 
Ltd.) for 3-5 minutes on the highest setting (24,000 min
-1), then centrifuged and the 
supernatant collected. The pellets were each re-suspended in a further 3 mL sterile 
PBS and re-homogenised for 5 minutes and the supernatant added to the previously 
collected volume. Finally the tissues were re-suspended in 3 mL sterile PBS and 
sonicated using a Sonicator® ultrasonic processor XL set to 20-40% power and 
Pulsar
TM duty cycle setting of 95% for 1 minute (Unimed Australia Pty. Ltd.). This 
solution was centrifuged again and the supernatant added to those previously 
harvested. The collected supernatants were re-sonicated at 30% power for 30 seconds 
and made up to a total volume of 10 mL with sterile PBS. These solutions were 
centrifuged and the supernatants were analysed using an RX Daytona
TM automatic 
biochemistry analyser for ALT, AST, ALP, CK, α-amylase (AML, EC 3.2.1.1) and γ-
glutamyl transferase (GGT, EC 2.3.2.2) activities. 
 
 622.2.10 Perameles bougainville immunoglobulins 
2.2.10.1 Protein G-P. bougainville immunoglobulins binding  
Western grey kangaroo serum, western barred bandicoot serum, fetal calf serum and 
adult donor cow serum were used to assess immunoglobulin binding to Protein G. 
 
ELISA plate wells (Nunc) were coated with doubling dilutions of the 4 test sera. Non-
specific protein binding was blocked with 1% skim milk powder in PBS. A 
horseradish peroxidase (HRP)-Protein G conjugate (courtesy of M. O’Dea) diluted 
1:5,000 in the blocking solution was added to each well and incubated at room 
temperature for 1 hour. The wells were washed 3 times with PBS and antigen:antibody 
binding was demonstrated with the HRP colour development kit (BioRad). The colour 
development reaction was stopped after ~10 minutes with 200 µL 2% oxalic acid 
added to each well. 
 
2.2.10.2 Coomassie Blue stained SDS-PAGE gels and western blotting 
The same 4 sera (diluted 1:20 in PBS) were mixed 1:1 with 1× SDS-PAGE loading 
buffer (0.0625 mol/L tris-HCl pH 6.8; 0.02% SDS, 0.1% glycerol, 0.05% β-
mercaptoethanol, 12.5 ppm bromophenol blue), boiled for 10 minutes and then 
pipetted into two SDS-PAGE gels with BioRad molecular mass markers and 
electrophoresed in running buffer (3 g/L tris, 14.4 g/L glycine, 1 g/L SDS, pH 8.3) at 
200V for 2 hours.The SDS-PAGE gels consisted of a 12.5% resolving polyacrylamide 
gel (0.375 mol/L tris pH 8.8, 0.001% SDS, 0.125% acrylamide, 0.0005% ammonium 
persulphate and 0.0015% TEMED) with a 4% stacking gel (0.125 mol/L tris pH 6.8, 
0.001% SDS, 0.04% acrylamide, 0.0005% ammonium persulphate and 0.001% 
TEMED) on top. 
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both using gentle agitation. The other gel was layered over a nitrocellulose membrane 
and sandwiched with blotting paper for western blotting. The western transfer was 
performed overnight at 4 °C and 30 V in transfer buffer consisting of 3.03 g/L tris, 
14.4 g/L glycine, and 20% methanol (v/v). The nitrocellulose membrane was rinsed in 
PBS, blocked with 1% skim milk powder in PBS, then incubated for 1 hour in a 
1:10,000 dilution of HRP-Protein G, rinsed again in PBS and developed with HRP-
substrate solution (8 mg HRP substrate powder (BioRad), 2.66 mL methanol, 13.28 
mL PBS and 8 µL H2O2) for 10 minutes.  
 
2.2.10.3 Fractionation of immunoglobulin G from plasma  
Serum, heparinised and EDTA-anticoagulated plasma were pooled from several P. 
bougainville to make 5 mL aliquots. These samples were dialysed at 4 °C overnight 
against 2 L of buffer A (10 mmol/L NaH2PO4 pH 7.5) passed through a 0.22 µm 
syringe filter and loaded on to a diethylaminoethyl (DEAE) Sepharose fast flow anion 
exchange column (GE Healthcare). The column was perfused at a constant flow rate of 
2 mL/minute with a mixture of buffer A and buffer B (300 mmol/L NaH2PO4 pH 7.5). 
The proportion of buffer B mixed in buffer A increased in a stepwise manner from 0% 
to 50% in steps of ~ 3% every 10 minutes over the first 152 minutes of the 
fractionation, followed by 100% buffer B for 10 minutes. Fractions were collected 
every minute of the experiment (2 mL) and the proteins they contained were separated 
by SDS-PAGE and visualized with Coomassie Blue staining as described above. The 
fractions were also tested by the ELISA technique described below. The first 7 
fractions contained protein bands with molecular masses consistent with 
immunoglobulin heavy (~ 50 kDa) and light (~25 kDa) chains, as well as an 
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filtration though a column packed with Sephadex G-150 beads and running buffer 
consisting of 10 mmol/L tris, 1 mmol/L EDTA, and 5 mmol/L NaCl.  
 
2.2.10.4 ELISA testing of ion exchange chromatography fractions 
The plastic flat-bottomed wells of a 96-well ELISA plate (Nunc) were coated with 100 
µL of each fraction and refrigerated at 4 °C for 1 hour. The plate was washed 3 times 
with PBS then flooded with blocking solution (1% skimmed milk powder in PBS) for 
1 hour. The plate was emptied thoroughly and 100 µL of polyclonal rabbit anti-
kangaroo Ig heavy and light chain antibodies (Bethyl Laboratories) diluted 1:5,000 in 
the blocking solution was applied to each well for 1 hour. The plate was washed 3 
times in PBS and the secondary antibody (HRP-conjugated anti-rabbit IgG, 
DakoCytomation) was added to each well and incubated at room temperature for 1 
hour. The plate was washed 3 times with PBS and antibody binding was demonstrated 
with a HRP colour development kit (BioRad). The colour reaction was stopped after 
~15 minutes with 200 µL 2% oxalic acid added to each well. 
 
2.2.10.5 Generation of sheep anti-P. bougainville IgG antibodies 
Three adult male sheep were used in the experiment, with the permission of the 
Murdoch University Animal Ethics Committee (Permit R2011/06). Two were East 
Friesian vasectomised rams and one was a merino ram. General physical examination 
and blood tests (haematology and clinical chemistry) showed these animals to be in 
good health and body condition. Pre-inoculation blood samples were taken by jugular 
venipuncture and the serum collected and frozen at -20 °C. 
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(a) 0.5 mL PBS + 0.5 mL TitreMax Gold (Sigma); 
(b) 0.5 mL whole P. bougainville plasma 1:50 in PBS + 0.5 mL TitreMax Gold; or 
(c) 0.5 mL purified P. bougainville immunoglobulins + 0.5 mL TitreMax Gold. 
 
Each sheep also received a booster inoculation of the same mixture 1 month later. 
Blood samples were collected from these sheep 1 month after the booster inoculation 
and the serum obtained was tested for the production of antibodies using an ELISA. 
 
2.2.11 Ultrastructure of Perameles bougainville blood cells 
2.2.11.1 Scanning electron microscopy 
Approximately 250 µL of EDTA–anticoagulated whole blood was mixed with 2.5% 
glutaraldehyde in Sorensen phosphate buffer and refrigerated overnight. The sample 
was rinsed in Sorensen phosphate buffer and post-fixed in Dalton chrome osmic acid, 
then dehydrated through graded alcohols, diluted in pure super-dry ethanol, dropped on 
a stub, and sputter-coated with gold for visualization with an XL 20 scanning electron 
microscope (Philips, Eindhoven, Holland). 
 
2.2.11.2 Transmission electron microscopy 
Approximately 500 µL of EDTA–anticoagulated blood was centrifuged at 500 ×g for 
10 minutes. The plasma was removed, replaced with 5% glutaraldehyde and 
refrigerated overnight. After this initial fixation, the buffy coat was harvested and post-
fixed in Dalton chrome osmic acid, dehydrated through graded alcohols, transferred 
into propylene oxide, then propylene oxide/Epon 812, and embedded in pure Epon 812 
(TAAB Laboratories Equipment Ltd.). Ultrathin sections were cut, mounted on grids, 
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transmission electron microscope (Philips, Eindhoven, Holland).  
 
2.2.12 Statistical analyses 
D’Agostino-Pearson’s test was used to check for Gaussian data distributions and 
Levene’s test was used to assess homogeneity of variances. One-way ANOVA or 
Student’s t-test was used to compare the means of data sets with homogeneous 
variances and parametric distributions. The Kruskall-Wallis test or Mann-Whitney U-
test was employed when data sets had homogeneous variances but non-parametric 
distributions. For instances in which the raw data sets failed Levene’s test, the data 
were transformed using the logarithm, square root or reciprocal of the raw data and the 
transformed data subjected to the above statistical procedures using SPSS 14.0.0 for 
Windows (SPSS Inc., Chicago, USA). Statistical significance was set at P < 0.05.  
 
To determine reference intervals, Gaussian tolerance intervals were calculated for 
analytes whose data sets or transformed data sets conformed to a parametric 
distribution and were also not significantly influenced by geographic location, sex, 
lactation status or age. Lumsden and Mullen (1978) define a Gaussian tolerance 
interval as an interval that has probability 0.90 of containing 95% of the population. 
The lower and upper interval limits L1 and L2 are defined thus: 
L1 = sample mean – ks; and  
L2 = sample mean + ks. 
Where k is dependent on the number of samples (n) and given in a table by Lumsden 
and Mullen (1978), and s = [∑ⁿi=1(xi – sample mean)
2/(n-1)]
½. 
 672.3 Results and discussion 
2.3.1 Haematology reference intervals 
Statistically significant differences were observed in certain analytes in western barred 
bandicoots at different geographic locations (Table 2.1). Statistically significant 
differences were also observed among males, females, and lactating females for MCV 
(P = 0.028), MCH (P < 0.001), MCHC (P = 0.002), and fibrinogen concentration (P = 
0.019), however these differences were negligible from a clinical perspective. A 
statistically and potentially clinically significant difference was observed between 
adults and sub-adults in the percentage of polychromatophilic erythrocytes with sub-
adults having 1.0 ± 0.20% (n=3) and adults having 0.48 ± 0.3% (n=56), (P = 0.004, 
Student’s t-test). For analytes that did not differ significantly based on geographic 
location, sex, or age, Gaussian tolerance intervals were calculated (Table 2.1). 
 
Total leukocyte concentrations in peramelemorphs such as bilbies (Macrotis lagotis), 
northern brown bandicoots (Isoodon macrourus) southern brown bandicoots (Isoodon 
obesulus) and eastern barred bandicoots (Perameles gunnii) tend to be low compared 
with other mammalian orders (Clark, 2004), and P. bougainville was no exception. 
Haematologic data reported for I. macrourus and P. gunnii
 (Parsons et al., 1971) were 
similar to those obtained for P. bougainville. The findings for P. bougainville were 
also similar to those reported for I. obesulus from Western Australia
 (Wicks and Clark, 
2005). Samples from captive and wild populations of juvenile I. macrourus
 (Gemmell 
et al., 1991) had comparable HCTs with those obtained for P. bougainville; however, 
total leukocyte concentrations were approximately double those obtained in this study, 
with very high percentages of circulating lymphocytes and low percentages of 
circulating neutrophils.  
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Haematologic data from M. lagotis
 (Agar and Godwin, 1991) included higher values 
for HCT, MCV, MCH, RBC, Hgb and WBC than those obtained for P. bougainville. 
Differences in levels of stress, sedation and anaesthetic protocol, site of venipuncture, 
age, presence of subclinical disease, and methods of analysis, as well as true 
differences between the peramelemorph species may explain these dissimilarities 
(Clark, 2004). 
 
The complex interplay between genetics, environment, nutrition, age, sex, and social 
structure may account for the differences observed in some haematologic results 
between colonies of P. bougainville at different geographic locations, as previously 
reported for Parma wallabies (Macropus parma)
 (Clark et al., 2003). Nutrition, 
environment, and social structure are likely to vary considerably between the study 
sites and, therefore, may be the most important of these factors in terms of the current 
study. Genetic variation is unlikely to be an important factor since western barred 
bandicoots are all so closely related (Smith and Hughes, 2007). Table 2.1 Haematology and plasma protein values (minimum-maximum) for 3 captive populations of clinically healthy western barred bandicoots 
(Perameles bougainville) in Western Australia. ©Wiley-Blackwell Publishing Ltd. Bennett et al. (2007a) Vet. Clin. Path. 36:348-353. 
Table 2.1 removed from this version. 
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 One potential limitation of this study was the length of time (up to 72 hours) between 
sample collection and analysis. Results of experiments with Macropus fuliginosus 
indicate that delays of up to 108 hours between blood sample collection and processing 
have minimal effects on erythrocyte parameters if samples are refrigerated at 4 °C
 
(Hulme-Moir et al., 2006). A transient mild decrease in RBC and Hgb was noted in M. 
fuliginosus blood samples refrigerated for up to 48 hours, after which time these values 
returned to normal (Hulme-Moir et al., 2006). The effect of protracted refrigerated 
storage on WBC was more difficult to predict; however, WBCs from different 
geographic locations were all approximately equal, despite discrepancies in storage 
time. The scatter plot characteristics generated by flow cytometry of refrigerated P. 
bougainville leukocytes did not deteriorate significantly over the first 3 days. 
Deterioration became significant after approximately 4-8 days refrigeration (Fig. 2.1). 
In our study, blood smears were made at the time of sample collection, therefore, cell 
morphology and differential leukocyte counts could be accurately assessed. Under-
filling of collection tubes that contained dry EDTA anticoagulant may have resulted in 
erythrocyte crenation (Brockus and Andreasen, 2003). 
 
Despite these limitations, this was the most comprehensive study of the haematology 
of P. bougainville documented thus far in the scientific literature. The population 
sampled was approximately 10% of the estimated captive population, and that 
comprises 1%–2% of all western barred bandicoots thought to be alive. 
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Figure 2.1 Scatter plots generated by repeated flow cytometric analysis of a 
refrigerated whole blood sample from a western barred bandicoot in April 2006. (A) 
Day 2 since collection. (B) Day 3. (C) Day 4. (D) Day 5. (E) Day 6. (F) Day 8. 
 722.3.2 Blood cell morphology 
2.3.2.1 Erythrocytes 
Erythrocytes were anucleated, eosinophilic, shallow biconcave discocytes (Fig. 2.2). 
Howell-Jolly bodies, anisocytosis, and polychromasia were occasionally seen. A few 
echinocytes, and sporadic stomatocytes, torocytes, knizocytes, and schistocytes were 
observed. Nucleated erythrocytes were very rarely observed.   
 
Figure 2.2 removed from this version. 
 
 
 
Figure 2.2 Scanning electron micrographs of Perameles bougainville erythrocytes. A 
knizocyte can be seen (arrow) in example (A). © Wiley-Blackwell Publishing Ltd. 
Bennett et al. (2007a) Vet. Clin. Path. 36:348-353. 
 
2.3.2.2 Platelets 
Platelets varied markedly in size, from 1 to 6 µm, lacked a nucleus, and had slightly 
basophilic cytoplasm with many azurophilic granules (Fig. 2.7). Platelet aggregation, 
observed in almost all samples, may lead to spuriously decreased platelet 
concentrations and increased mean platelet volumes using automated analyzers; thus 
the results were not reported. Platelet aggregation may have resulted from prolonged 
storage in EDTA. 
 
 732.3.2.3 Leukocytes 
The light microscopic appearance of erythrocytes and leukocytes in this study was 
similar to that previously reported for P. bougainville, and ultrastructural features of 
leukocytes were comparable to those described by Clark
 (2004) for other marsupial 
species. All leukocyte types typically present in mammalian blood smears were found 
in blood smears from healthy P. bougainville. Neutrophils and lymphocytes were the 
most numerous leukocytes, with fewer eosinophils and monocytes, and rare basophils 
(Table 2.1). 
 
2.3.2.3.i Neutrophils 
Neutrophils (Fig. 2.3) had 3 to 7 lobes of often tortuously segmented and densely 
clumped nuclear chromatin. The almost colourless cytoplasm contained weakly–
staining granules. Occasionally, mature neutrophil nuclei were hyposegmented or had 
an annular configuration. Immature neutrophils had band-shaped or annular nuclei, and 
basophilic cytoplasm with scattered azurophilic granules. Ultrastructurally, neutrophil 
nuclei typically were multilobulated and composed of more hetero- than euchromatin. 
The cytoplasm contained several organelles, including rough endoplasmic reticulum, 
Golgi body, mitochondria, a few small vacuoles, and numerous membrane-bound 
granules of at least 2 types. The most numerous granule type was ovoid to elongate in 
longitudinal section, round in cross-section, and electron-dense (secondary granules). 
Round to ovoid and less electron-dense granules consistent with primary granules also 
populated the cytoplasm but were far fewer in number. 
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Figure 2.3 Perameles bougainville neutrophils. (A) A typical segmented neutrophil. 
Wright’s-Giemsa, bar = 10 µm. (B) A segmented neutrophil with an annular nuclear 
configuration. Wright’s-Giemsa, bar = 10 µm. (C) Transmission electron micrograph 
of a segmented neutrophil. The neutrophil nucleus appears divided into 2 parts by the 
plane of section. Primary (P) and secondary (S) granules can be seen in the cytoplasm. 
Lead citrate and uranyl acetate stains. © Wiley-Blackwell Publishing Ltd. Bennett et 
al. (2007a) Vet. Clin. Path. 36:348-353. 
 
 752.3.2.3.ii Lymphocytes 
Lymphocytes (Fig. 2.4) had central, round, ovoid or indented nuclei surrounded by 
light basophilic cytoplasm. Small lymphocytes had high nuclear to cytoplasmic (N:C) 
ratios, scant cytoplasm, and small nuclei with dense chromatin; whereas medium and 
large lymphocytes had lower N:C ratios, more abundant basophilic cytoplasm, and 
larger, less densely staining nuclei with more dispersed chromatin. Ultrastructurally, 
lymphocytes had round nuclei with moderately condensed chromatin rimmed by 
cytoplasm that contained several mitochondria. 
 
2.3.2.3.iii Monocytes 
Monocytes (Fig. 2.5) were the largest leukocytes and often had an irregular cell shape. 
Nuclei were usually horseshoe–shaped or irregular, had reticular chromatin, and were 
surrounded by abundant mildly basophilic cytoplasm. Monocyte nuclei frequently had 
an annular configuration. Ultrastructurally, monocytes had indented or irregular nuclei, 
with more abundant euchromatin than neutrophils, and a cytoplasm rich in variably 
sized vacuoles, mitochondria, ribosomes, and moderately electron-dense primary 
granules. There were numerous fine projections of the plasma membrane, some fusing 
to form phago- or pinocytotic vesicles.
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Figure 2.4 Perameles bougainville lymphocytes. (A) A small lymphocyte. Wright’s-
Giemsa, bar = 10 µm. (B) A large lymphocyte. Wright’s-Giemsa, bar = 10 µm. (C) 
Transmission electron micrograph of a lymphocyte. The nucleus is round and the 
cytoplasm contains several mitochondria. Lead citrate and uranyl acetate stains. 
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Figure 2.5 Perameles bougainville monocytes. (A) A typical monocyte with a large 
horseshoe–shaped nucleus and abundant cytoplasm. Wright’s-Giemsa, bar = 10 µm. 
(B) A monocyte with an annular nuclear configuration. Wright’s-Giemsa, bar = 10 µm. 
(C) Transmission electron micrograph of a typical monocyte with an indented nucleus 
and numerous projections and invaginations of the plasma membrane. Lead citrate and 
uranyl acetate stains. © Wiley-Blackwell Publishing Ltd. Bennett et al. (2007a) Vet. 
Clin. Path. 36:348-353. 
 
 782.3.2.3.iv Eosinophils 
Eosinophils (Fig. 2.6) had 2–4 nuclear lobes with densely clumped chromatin and a 
moderate amount of pale basophilic cytoplasm, with innumerable ovoid brightly 
eosinophilic granules scattered throughout. Some eosinophil nuclei had an annular 
configuration. In transmission electron micrographs, eosinophil nuclei were 
multilobulated and composed of hetero- and euchromatin. Eosinophil granules were 
large, ovoid in longitudinal section, and circular in cross-section, with homogeneous 
electron density, and were noticeably larger than neutrophil granules. No distinct 
crystalline structures were observed within eosinophil granules, however, 16 of 124 
granules from 4 photographed eosinophils (12.9%) had small, round, membrane 
invaginations.  
 
2.3.2.3.v Basophils 
Basophils (Fig. 2.7) typically had 2 nuclear lobes of densely clumped chromatin, a 
moderate amount of faintly basophilic cytoplasm that contained numerous variably–
sized, round to irregular, intensely basophilic granules that frequently obscured the 
nucleus. Basophils were not identified on transmission electron microscopy. 
 
2.3.3 Haemoparasites 
No haemoparasites were detected in any of the stained blood smears examined. This is 
a curious result given the number of haemoparasites recorded in other bandicoot 
species (Appendix 6.3). 
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Figure 2.6 Perameles bougainville eosinophils. (A) A typical eosinophil with a 
lobulated nucleus and abundant eosinophilic cytoplasmic granules. Wright’s-Giemsa, 
bar = 10 µm. (B) An eosinophil with an annular nuclear configuration. Wright’s-
Giemsa, bar = 10 µm. (C) Transmission electron micrograph of a typical eosinophil. 
Some cytoplasmic granules have a round membrane invagination (arrow). Lead citrate 
and uranyl acetate stains. © Wiley-Blackwell Publishing Ltd. Bennett et al. (2007a) 
Vet. Clin. Path. 36:348-353. 
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Figure 2.7 Perameles bougainville basophils and platelets. A typical basophil with a 
lobulated nucleus obscured by numerous basophilic cytoplasmic granules. No annular 
basophil nuclei were detected. Five variably sized platelets can also be seen in this 
micrograph. Wright’s-Giemsa, bar = 10 µm. 
 
2.3.4 Flow cytometry 
The scatter plots generated by flow cytometry of hypotonically haemolysed P. 
bougainville whole blood was of a comparable appearance to those of other mammals 
(K. Heel, personal communication, 2007), and consistent with the light microscopic 
and ultrastructural descriptions given above. Granulocytes (neutrophils, eosinophils 
and basophils) with their high internal complexity clustered together in the upper 
middle area of the scatter plot, while the mononuclear cell population also clustered 
together in a lower sweeping arc. Platelets, platelet clumps and cellular debris usually 
occupied the lower left corner of the scatter plot (Fig. 2.1). 
 
Good scatter plot morphology was obtained from whole blood samples that had been 
refrigerated for up to 3 days from collection. After 4-8 days’ refrigeration, the quality 
of the scatter plot diminished (Fig. 2.1). 
 
A qualitative assessment of the accuracy of the flow cytometry results was performed, 
using differential counts of blood smears from the same sample. The relative 
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with the blood smear analyses. Mononuclear cell preparations were also analysed by 
flow cytometry and confirmed the distribution of these cell types on the scatter plot. A 
scatter plot from one sample caused initial consternation because it looked like a 
snowstorm! On subsequent blood smear evaluation this particular P. bougainville 
blood sample displayed a remarkable thrombocytosis with numerous variably-sized 
platelet aggregations – thus explaining the apparent snowstorm.  
 
2.3.5 Clinical chemistry and tissue enzyme analysis 
2.3.5.1 Clinical chemistry results 
The observed range of values for 15 commonly reported clinical chemistry analytes in 
five populations of clinically healthy P. bougainville is presented in Table 2.2. 
 
P. bougainville at different geographic locations had statistically significant 
differences in the mean clinical chemistry rankings for ALT and CK activities, and 
albumin, total bilirubin, cholesterol, glucose, total protein, phosphate, and globulins 
concentrations (Table 2.2).  There were no statistically significant differences between 
the mean rankings for P. bougainville at different geographic locations for ALP and 
AST activities and calcium concentration (Table 2.2). There were statistically 
significant differences in the mean rankings obtained from males, females and 
lactating females for ALT activity (P = 0.002) and glucose concentration (P = 0.015), 
but not for ALP (P = 0.628), AST (P = 0.257) and CK (P = 0.701) activities, or 
albumin (P = 0.073), calcium (P = 0.276), cholesterol (P = 0.151), total protein (P = 
0.935), phosphate (P = 0.119), globulins (P = 0.491) concentrations or the 
albumin:globulins ratio (P = 0.073). Only plasma AST activity had a data set 
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transformable to a parametric distribution, using the reciprocal transformation. This 
allowed the calculation of a species-specific reference interval for plasma AST activity 
in P. bougainville: 20 – 283 U/L. 
 
Only one reference has previously reported clinical chemistry parameters of 
peramelemorphs in the scientific literature. Parsons et al. (1971) gave a value each for 
AST (35, 75 Sigma-Frankel units/L), ALT (76, 43 IU), LDH (800, 800 Wroblewski 
units), total protein (4.9, 6.4 g/dL) and albumin (2.75, 3.5 g/dL) in I. macrourus and P. 
gunnii respectively. Wroblewski and Sigma-Frankel units can be converted to 
international units per liter by multiplying by a conversion factor of 0.482. The protein 
readings can be converted to SI units (g/L) by multiplying by 10.  Comparison of P. 
bougainville data with those given for P. gunnii and I. macrourus reveals that the data 
for P. gunnii more closely agree with data from P. bougainville than those data from I. 
macrourus. 
 
As with the haematology results, genetic variation between populations is unlikely to 
explain the variation in results from P. bougainville at different geographic locations. 
Rather, nutrition, environment and social structure differences are more likely to 
account for the observed variation in clinical chemistry results between study sites. 
Unavoidable variation in the time spent in cold storage prior to analysis may have also 
been a minor factor (Thoresen et al., 1992).Table 2.2 Clinical chemistry values (minimum-maximum) for 5 populations of clinically healthy western barred bandicoots (Perameles 
bougainville) in Western Australia. © Wiley-Blackwell Publishing Ltd. Bennett et al. (2008b). Vet. Clin. Path. 
Table 2.2 removed from this version. 
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 Formal species-specific reference intervals were not calculated for 14 of the analytes 
assayed, however the range of values observed in clinically healthy P. bougainville 
from each of the 5 locations studied has been presented (Table 2.2). These observed 
ranges can be used to guide what one might expect to find in healthy P. bougainville 
and will be useful in the assessment of clinical chemistry samples from P. bougainville 
for the diagnosis of clinical and sub-clinical disease and population health monitoring. 
 
2.3.5.2 Tissue enzyme analysis 
The activity level of 6 enzymes (ALP, ALT, AST, CK, AML and GGT) in 9 tissues 
from P. bougainville (spleen, lung, liver, heart, kidney, central nervous system, 
pancreas, intestine and skeletal muscle) is presented (Fig. 2.8). 
 
The tissue enzyme distribution data were derived from only 3 individual animals in 
poor health and therefore the results may not truly represent the distribution of 
enzymes in healthy P. bougainville. Preferably, tissue from clinically normal 
individuals would have been used, but the endangered status of P. bougainville 
precluded this. Nonetheless, the results obtained were consistent with each other and 
generally in accordance with similar experiments in healthy dogs
 (Keller, 1981). 
 
Knowledge of the anatomical distribution of certain enzymes can help to identify the 
nature and location of disease processes, however, the occurrence of an enzyme within 
a particular tissue does not necessarily mean that damage to that tissue results in 
elevated enzyme activity levels in plasma. For example, the neural isoenzyme of CK is 
not found in serum, even during neurological disease
 (Bender, 2003). 
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Figure 2.8 Distributions of 6 enzymes in 9 tissues from 3 adult (2 female, 1 male) P. 
bougainville. (A) Alanine transaminase. (B) Aspartate transaminase. (C) Alkaline 
phosphatase. (D) Creatine kinase. (E) α-amylase. (F) γ-glutamyl transferase. 
 
 862.3.5.2.i Alanine transaminase 
Alanine transaminase was most prominently detectable in liver tissue; cardiac muscle, 
skeletal muscle and renal tissue expressed lower levels (Fig. 2.8A). ALT catalyses the 
transamination of L-alanine and α-ketoglutarate to produce pyruvate and glutamate
 
(Bender, 2003). Interpretation of elevated ALT in plasma may help to identify active 
or recent liver damage when considered in the light of CK and perhaps urinary 
GGT:creatinine results. 
 
2.3.5.2.ii Alkaline phosphatase 
Alkaline phosphatase was found mainly in the intestine with lower contributions from 
the kidneys, lungs and liver (Fig 2.8C). ALP catalyses the dephosphorylation of certain 
biomolecules and functions most efficiently under alkaline conditions (Bain, 2003). 
There are several endogenous ALP “isoenzymes” including hepatic, bone, intestinal, 
placental and corticosteroid-induced forms
 (Bain, 2003). It should be noted that this 
experiment did not attempt to assess ALP expression in bone or placenta. Due to the 
very short plasma half lives of most ALP isoenzymes, raised plasma ALP 
concentration is considered indicative of hepatobiliary disease in certain domestic 
species, though placental ALP can contribute to increased plasma ALP readings in 
pregnant females of certain species and bone ALP can raise plasma ALP levels in 
young, growing animals
 (Bain, 2003). 
 
2.3.5.2.iii Aspartate transaminase 
Aspartate transaminase was detectable in many tissues, most notably cardiac muscle, 
liver, kidney and the central nervous system, while skeletal muscle, pancreas and the 
spleen had lower AST concentrations (Fig. 2.8B). Negligible amounts were detected in 
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ketoglutarate, to produce glutamate and oxaloacetate
 (Bender, 2003). It can be found in 
most animal cells
 (Bender, 2003) and P. bougainville was no exception. For this 
reason, AST is not a specific indicator of disease in any particular organ system
 
(Bender, 2003). When interpreting elevated AST readings, the results of other 
laboratory tests and clinical signs must be taken into account. 
 
2.3.5.2.iv Creatine kinase 
Creatine kinase was found predominantly in skeletal muscle and cardiac muscle with 
lower levels in central nervous system tissues (Fig. 2.8D). CK mediates the transfer of 
a high energy phosphate group between phosphocreatine and ADP. It is typically 
found in high concentration in skeletal and cardiac muscle and the central nervous 
system in vertebrates (Bender, 2003). Elevated plasma CK activity is generally 
considered to be a specific indicator of myopathies
 (Bender, 2003). 
 
2.3.5.2.v Alpha-amylase  
Alpha-amylase was found in high concentration in pancreatic tissue (Fig. 2.8E). All 
other tissues tested had negligible concentrations of AML, except for one of the three 
spleen samples (Fig. 2.8E). AML is a calcium-dependent metalloenzyme capable of 
hydrolysing α-1,4 glycosidic linkages to produce simpler sugar moieties from 
polysaccharides
 (Bounous, 2003). Given the anatomical proximity of the spleen and 
pancreas, and the occasional appearance of pancreatic tissue within the gastrosplenic 
mesentery identified by histology of spleen samples (author observation), it is likely 
that the apparent splenic AML activity in fact indicates the inadvertent inclusion of 
pancreatic tissue in one of the spleen samples analysed. 
 882.3.5.2.vi Gamma-glutamyl transferase 
Gamma-glutamyl transferase was most concentrated in renal tissue, with lower levels 
in the intestine and pancreas (Fig. 2.8F). GGT is predominantly associated with the 
cell membranes of hepatocytes, biliary epithelial cells, renal tubular epithelial cells and 
mammary epithelial cells (Bain, 2003). Increased serum GGT activity is usually 
attributable to enzyme induction involving hepatocytes or biliary epithelial cells and 
urinary GGT:creatinine ratios can be used to detect nephropathies
 (Bain, 2003; 
Gregory, 2003). However, no plasma or urine GGT or urine creatinine data from 
clinically normal P. bougainville were available, so interpretation of clinical plasma or 
urine GGT results should be done with caution.  
 
2.3.6 Comparison of refractometry and biuret tests for total plasma protein 
When 50 µL, 250 µL or 500 µL of Macropus fuliginosus serum was added to a 500 µL 
EDTA tube, the estimated plasma protein concentrations were artificially elevated by 9 
g/L, 3 g/L and 1 g/L respectively (Fig. 2.9). 
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Figure 2.9 Effect of under-filling a dry EDTA collection tube with western grey 
kangaroo (Macropus fuliginosus) serum on the total protein estimated by 
refractometry. The logarithm of the volume of western grey kangaroo serum added to a 
500 µL dry EDTA tube is plotted on the y-axis and the difference in the total protein 
estimated by refractometry compared to the same serum sample that had not been 
exposed to EDTA is plotted on the x-axis. A line of best fit shows the relationship 
between the data points to be approximately linear. 
 
Total plasma protein estimations obtained by refractometry are subject to inaccuracy 
because this method does not directly measure plasma protein concentration; rather, 
the refractive index of the sample is measured, which depends on the concentration of 
many dissolved solutes (George, 2001). For instance, the refractive index of the plasma 
can be influenced by the concentrations of EDTA, urea, and cholesterol (George, 
2001). In normal circumstances, the major factor determining the refractive index of 
 90plasma is the plasma protein concentration, and so long as other solutes influence the 
refractive index predictably, a good estimation of plasma protein can be determined 
using published tables or by directly reading calibrated scales within the refractometer 
itself (George, 2001). However, refractometry to determine plasma protein 
concentration is not suitable for all species. For example, it is widely acknowledged 
that refractometry-derived plasma protein estimations from birds are unreliable 
(George, 2001). 
 
For 26 blood samples from healthy P. bougainville, both refractometry estimates and 
biuret plasma protein data were available, and the results are presented (Fig. 2.10). 
This graph shows that by taking the approximately 3 g/L over-estimate caused by half-
filling EDTA tubes into account, refractometry is capable of providing a fairly close 
approximation of the biuret plasma protein value. Adjusting for the influences of 
cholesterol and urea concentration, the following formula was derived: 
 
TPbiuret ≈ TPrefractometry – 0.5 × ([urea] – 10.25) – 0.9 × ([cholesterol] – 4.3) – 3 
 
Where: 
TPbiuret is the total plasma protein measured by the biuret method (g/L); 
TPrefractometry is the total plasma protein estimated by refractometry (g/L); 
[urea] is the concentration of urea in plasma (mmol/L); and 
[cholesterol] is the concentration of cholesterol in plasma (mmol/L). 
 
This formula produces results that are ±5% of the biuret determination of plasma 
protein for samples in half-filled EDTA tubes (Fig. 2.11).  
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Figure 2.10 Comparison of the biuret and refractometry methods for determining total 
plasma protein concentration in Perameles bougainville blood samples. The biuret 
method results were plotted on the y-axis and the refractometry results on the x-axis. 
The dotted line of parity and a line defined by y = x – 3 are given. 
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Figure 2.11 Comparison of the biuret and corrected refractometry methods for 
determining total plasma protein concentration in P. bougainville blood samples. The 
biuret method results are again plotted on the y-axis and the dotted line represents 
parity. The results obtained after correction of the refractometer readings, using the 
derived formula, which accounts for the influences of urea, cholesterol and EDTA are 
plotted on the x-axis.
 932.3.7 Mononuclear cell separation 
Flow cytometry of mononuclear cells showed quite good separations were achieved 
using the Histopaque-1077® system according to the manufacturer’s guidelines. 
Wright’s-Giemsa stained smears confirmed this, showing high concentrations of 
lymphocytes, monocytes and platelets, with rare erythrocytes, eosinophils or basophils 
and only a few contaminating neutrophils. This was also confirmed using flow 
cytometry of cell suspensions prepared following mononuclear cell separation. Further 
refinement of the separation technique could be undertaken to reduce the level of 
neutrophil contamination. If necessary, the platelet concentration could be reduced 
using techniques outlined in the manufacturer’s protocol.   
 
2.3.8 Urinalysis 
The urinalysis results were obtained at necropsy from only 6 moribund P. 
bougainville, and therefore may not truly represent the normal urinalysis results of 
healthy animals. 
 
 94Table 2.3 Observed range of results from 6 cystocentesis-collected urine samples, 3 
from males, 3 from females, obtained at necropsy. 
Analyte Results 
Urine specific gravity  1.024 - >1.060 
Appearance Clear,  yellow 
Glucose Negative 
Bilirubin  Negative – Positive (+) 
Ketones Negative 
Blood Negative 
Protein  Negative – Positive (++) 
pH  6.0 – 6.5 
Urobilinogen Normal 
Leukocytes  0 – 1 per high power field 
Erythrocytes  0 – 7 per high power field 
Other Sperm,  Klossiella quimrensis oocyst 
 
Remarkably, neither of the two animals with a high urine specific gravity (1.058 and 
>1.060) were clinically dehydrated, showing signs of haemoconcentration or 
azotaemic. This indicates extremely effective renal re-absorption of water, as might be 
expected from an arid adapted species (Chew, 1951). 
 
A very mild pyuria with concurrent proteinuria and microhaematuria (7 erythrocytes 
per high power field) evident in 1 male P. bougainville urine sediment may have been 
provoked by the presence of sperm in the urinary bladder (Case Report A). 
 
 95In all the urine sediments examined, only 1 K. quimrensis oocyst was seen, indicating 
that this is an unreliable diagnostic technique for detecting renal coccidiosis in P. 
bougainville. This point is discussed further in the following chapter. 
 
2.3.9 Faecal corticosteroids 
The graphs of faecal corticosteroids indicate that there is significant individual animal 
variability; day-to-day variability; and week-to-week variability in the level of 
corticosteroid metabolite excretion (Fig. 2.12). The concentrations of faecal 
corticosteroid metabolites in P. bougainville faeces were low compared to other 
assayed marsupial species, for example tammar wallabies (Macropus eugenii) and 
honey possums (Tarsipes rostratus) (McKenzie and Deane, 2005; Oates et al., 2007).  
 
Although corticosteroids can be detected in P. bougainville faeces, the measurement of 
these chemicals is of very limited utility, because the physiological relevance of the 
test is not established in this species. Since the assayed corticosteroids may be labile, 
the time between excretion and faeces collection may have impacted on the results 
obtained. Similarly, the rate at which ingesta passed through the digestive tract and, 
therefore, also the diet could have affected the results. Studies using tammar wallabies 
(Macropus eugenii) have shown that there is no correlation between faecal 
corticosterone concentration and serum cortisol concentration (McKenzie and Deane, 
2005). However, pharmacological stimulation of the pituitary-adrenal axis leads to 
demonstrable faecal excretion of corticosteroid metabolites in the eutherian species 
tested (McKenzie and Deane, 2005). More research must be done before faecal 
corticosteroid results can be confidently interpreted (McKenzie and Deane, 2005). 
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Figure 2.12 The concentration of faecal corticosterone from Perameles bougainville is 
relatively low compared to other marsupial species, and approaches the lower limit of 
detection of the assay. (A) There is daily and individual variation in faecal 
corticosteroid levels, unassociated with known stressors (courtesy of Koa Webster). 
(B) Samples collected weekly over three months show marked individual variability 
and random fluctuations (courtesy of Koa Webster). These data indicate that faecal 
corticosteroid assays are not a useful modality for measuring stress in individual 
Perameles bougainville. 
 972.3.10 Plasma protein fractionation 
The experiments to investigate whether Protein G would bind immunoglobulins from 
two marsupials, the western grey kangaroo and western barred bandicoot, definitively 
demonstrated that this was not the case. The adult donor cow serum showed strongly 
positive results in the ELISA and western blotting experiments. The fetal calf serum 
sample (which should theoretically lack IgG) and the adult western grey kangaroo and 
western barred bandicoot serum samples all showed no positive binding reaction with 
Protein G by ELISA or western blotting. 
 
Unfortunately, there was no conjugated Protein A available to test for immunoglobulin 
binding, so the decision was made to attempt P. bougainville immunoglobulin 
purification using ion exchange chromatography. 
 
Ion exchange chromatography was quite successful at separating most of the plasma 
proteins of western grey kangaroos and western barred bandicoots. ELISA results 
showed that P. bougainville immunoglobulins were detectable in a large proportion of 
the fractions collected. The purest P. bougainville immunoglobulins-containing 
fractions were the first 7 to be collected, however all of these had a contaminant 
protein band visualized on Coomassie Blue stained SDS-PAGE gels at ~75 kDa. This 
contaminating band was of unknown origin but could possibly represent P. 
bougainville tranferrin. Therefore, the first 7 fractions were pooled, concentrated and 
loaded into a gel filtration column. This step resulted in two protein peaks which 
overlapped. The earlier fractions (heavier proteins) were found to contain the highest 
purity of immunoglobulins by assessment of Coomassie Blue stained SDS-PAGE gels. 
The purest fraction was used for the sheep inoculation experiments.  
 98ELISA experiments showed that the commercially available polyclonal rabbit anti-
kangaroo Ig heavy and Ig light chains antibody (Bethyl Laboratories) did detect P. 
bougainville immunoglobulins. This was further confirmed using western blotting, so 
quite serendipitously, it was discovered that this commercially available reagent could 
potentially be used to detect serological responses in P. bougainville.  
 
2.3.11 Sheep humoral responses 
The ELISA used to detect seroconversion of the sheep to P. bougainville plasma 
proteins showed that the negative control sheep did not seroconvert to any P. 
bougainville plasma proteins. The sheep injected with the purified P. bougainville 
immunoglobulins preparation developed antibodies against P. bougainville 
immunoglobulins, and the sheep injected with P. bougainville plasma developed 
antibodies against P. bougainville plasma proteins including P. bougainville 
immunoglobulins. There is now a sheep anti-P.bougainville immunoglobulins 
polyclonal antibody available for potential use in serological tests and other 
immunology-based assays. 
 
Future investigators can now use either the commercially available polyclonal rabbit 
anti-kangaroo IgG heavy and light chain primary antibody (Bethyl Laboratories) or 
polyclonal sheep-anti P. bougainville immunoglobulins antiserum to detect P. 
bougainville humoral immune responses. These reagents will be important for 
developing tests to monitor how western barred bandicoots respond to any future 
vaccination protocols and for population serosurveys. 
 
 992.3.12 Blood test results and the western barred bandicoot papillomatosis and 
carcinomatosis syndrome 
Examining the haematology results from 13 samples taken from 6 P. bougainville 
individuals with clinical papillomatosis and comparing those data with the reference 
intervals and guidelines, indicated that there were no consistent haematologic changes 
associated with clinical papillomatosis. Three samples had mild normocytic anaemias 
– only one of these was hypochromic. One other individual had a mild leukocytosis 
characterized by a mild lymphocytosis and very mild monocytosis, but this condition 
had resolved itself and had returned to normal four months later, indicating a transient 
response to perhaps an unrelated source of immune stimulation. 
 
Three samples were collected from P. bougainville with clinically overt neoplastic 
transformation of the papillomas into squamous cell carcinomas. Clinical pathology 
results from one of the most severely affected individuals indicated a strongly 
regenerative severe macrocytic hypochromic anaemia (Case Report A). Another 
individual with clinically apparent squamous cell carcinoma had two blood samples 
collected – one in October 2005 and another just prior to euthanasia in November 
2005. Both of these blood samples were largely within reference ranges. The only 
minor variations were a slightly elevated percentage of polychromatophilic 
erythrocytes allied with an elevated MCV and mildly elevated plasma protein 
concentration, perhaps indicating a mildly regenerative response following blood loss. 
At the second sampling, the MCV had normalized, but the estimated fibrinogen 
concentration was moderately elevated. 
 
 100So even in the face of severe papillomatosis, no specific haematologic indications of 
an immune response were discernible. The reference intervals and guidelines 
established were useful for detecting and categorizing anaemias and changes to the 
leukon, but when these changes were detected, they were not directly attributable to 
the clinical papillomatosis. Rather, the changes detected were indicative of mild to 
severe blood loss and secondary infections. 
 
Similarly, there were no consistent clinical chemistry changes associated with mild or 
severe papillomatosis. Two samples from severely affected P. bougainville showed 
hyperglobulinaemia. One had markedly elevated plasma CK activity and concurrent 
hyperglycaemia, perhaps indicating a stress response with capture myopathy, although 
some sample haemolysis was noted which may account for these changes. The most 
remarkable change in clinical chemistry parameters was found with one of the most 
severely affected P. bougainville (Case Report A). This individual had a marked 
hypoalbuminaemia (21.6 g/L) with concurrent hypercalcaemia (2.44 mmol/L) and mild 
hyperphosphataemia (2.4 mmol/L), but no concurrent signs of renal disease (non-
azotaemic, urine specific gravity normal). Since blood calcium is largely bound to 
plasma albumin, hypoalbuminaemic states should theoretically cause a spuriously low 
measured total plasma calcium concentration, requiring mathematical correction. A 
formula for deriving corrected plasma calcium concentrations in dogs (Ferguson and 
Hoenig, 2003) was adapted for P. bougainville: 
 
[Ca
2+]Corrected (mg/dL) = [Ca
2+]Measured (mg/dL) – (0.4 × [total protein] (g/dL)) + 3.5 
 
 101The constant 3.5 in the above formula is the average albumin concentration in 53 
samples from clinically normal P. bougainville. In this case, after conversion to SI 
units, the corrected plasma calcium concentration was 2.85 mmol/L. 
 
Another formula established for corrected plasma calcium concentration in dogs 
(Ferguson and Hoenig, 2003) is: 
 
[Ca
2+]Corrected (mg/dL) = [Ca
2+]Measured (mg/dL) – [albumin] (g/dL) + 3.5 
 
Converted to SI units, this formula gives a corrected [Ca
2+] of 2.78 mmol/L. 
 
This sample was not lipaemic and was subsequently re-tested to confirm the 
hypercalcaemia. Whether this hypercalcaemia is related to the metastatic squamous 
cell carcinoma is as yet unknown. A paraneoplastic syndrome of hypercalcaemia, 
leukocytosis and cachexia has been described in a case of human squamous cell 
carcinoma, in which factors secreted by the tumour were implicated (Yoneda et al., 
1991). Persistent hypercalcaemia with hyperphosphataemia and normal renal function 
indicates possible hypervitaminosis D or osteolysis due perhaps to primary or 
secondary bone neoplasia (Ferguson and Hoenig, 2003). Dietary and endocrine 
derangements of calcium homeostasis may also cause hypercalcaemia (Ferguson and 
Hoenig, 2003).  
 
 1022.3.13 Blood test results and other disease states 
2.3.13.1 Leukocytosis with neutrophilia 
Three cases of pustular dermatitis were diagnosed through physical examinations 
conducted during fieldwork. These three bandicoots all showed leukocytosis 
characterized by neutrophilia. Of these 3, only 2 had fibrinogen estimations performed, 
and both were 4 g/L. Such results are consistent with a normal response to bacterial 
infections in mammals. 
 
2.3.13.2 Polychromasia with and without anaemia 
Western barred bandicoots from Bernier Island and Dorre Island had a significantly 
higher mean percentage of polychromatophilic erythrocytes (1.18 ± 0.53%, n=12) 
compared to healthy P. bougainville from all other sampled colonies (0.51 ± 0.31%, 
n=59) (P = 0.001, Student’s t-test). A statistically significant difference was observed 
between adults and sub-adults in the percentage of polychromatophilic erythrocytes 
with sub-adults having 1.0 ± 0.20% (n=3) and adults having 0.48 ± 0.3% (n=56), (P = 
0.004, Student’s t-test). Increased circulating levels of polychromatophilic erythrocytes 
are common in young animals and can also indicate an active regenerative response by 
the bone marrow to correct anaemia (Brockus and Andreasen, 2003). The P. 
bougainville on Bernier Island and Dorre Island are very frequently parasitized by 
ticks. Engorging female ticks are presumably responsible for mild blood loss, 
necessitating a regenerative bone marrow response. This issue is given further 
consideration in the following chapter. 
 
 1032.3.14 Host factors in western barred bandicoot papillomatosis and carcinomatosis 
syndrome 
2.3.14.1 Endogenous corticosteroids 
It has been postulated that the higher than expected incidence of the western barred 
bandicoot papillomatosis and carcinomatosis syndrome observed in more intensively 
housed populations might be due to the stress of captivity (N. Thomas, personal 
communication, 2005). Furthermore, it is known that the phenomenon of male die-off 
observed in Antechinus sp. and Phascogale calura is related to the release of high 
levels of endogenous corticosteroids, which in turn is responsible for gastric ulceration 
and generalized immune suppression leaving the males vulnerable to numerous 
infectious agents (Bradley, 1990; McKenzie et al., 2004). 
 
Faecal corticosteroid analysis was attempted in this case because it had the potential to 
be a minimally invasive method of estimating stress in captive P. bougainville. 
Unfortunately, this method was not amenable even to comparing different populations 
of P. bougainville, since only the intensively housed animals can have faecal samples 
collected in an unobtrusive manner. Those housed within large enclosures must be first 
trapped or somehow caught to enable collection of their faeces – certainly a stressful 
procedure that would be highly likely to influence the results obtained. 
 
There is no evidence to suggest that peramelids go through a seasonal or sex-related 
hypercortisolaemia (Thomas, 1990; Thomas and Bradley, 1990), and the generally low 
concentration of faecal corticosteroids detected in this small study is unsupportive of 
the hypothesis that excessively high endogenous corticosteroids may be causing 
generalized immune suppression in P. bougainville. This study was unable to find any 
 104meaningful patterns in the levels of faecal corticosteroids detected in captive P. 
bougainville faecal samples over time. The higher apparent incidence of western 
barred bandicoot papillomatosis and carcinomatosis syndrome in animals housed in 
more intensive systems is investigated and discussed more completely in following 
chapters. 
 
2.3.14.2 Retrovirus-induced immune suppression 
Bock and Stoye (2000) declared that all vertebrate species examined to date have 
endogenous retroviruses, though most are inactive due to mutations and deletions. 
Martin et al. (1997) reported a possible human endogenous retrovirus type 1-related 
virus sequence within the genome of Isoodon macrourus. More recently, Tarlinton et 
al. (2005) revealed an association between the viral load of koala retrovirus in the 
plasma and haematopoietic neoplasia in the host. Koala retrovirus is unusual because it 
is an endogenous retrovirus that has retained its full length and is replication competent 
(Tarlinton et al., 2005). Retrovirus-associated immune suppression is also associated 
with chlamydial infections in koalas, cats, and humans (O’Dair et al., 1994; Contini, 
2003; Fiebig et al., 2006). As chlamydiales-associated conjunctivitis has been 
described in P. bougainville (Bodetti et al., 2003), there is circumstantial evidence to 
suggest a possible retrovirus involvement. To date, no studies to detect such a 
retrovirus in P. bougainville have been attempted, but the means now exist to devise 
virus nucleic acid detection tests to actively pursue this hypothesis (Burmeister et al., 
2001).   
 
 1052.3.14.3 Specific immune tolerance 
Marsupials undergo an extra-uterine “gestation” period within the pouch, which is by 
no means a sterile environment (Yadav et al., 1972; Charlick et al., 1981; Old and 
Deane, 1998). Just how marsupial joeys survive in the pouch environment, bathed in a 
veritable microbial soup, while their own immune systems develop is not fully 
understood, though passive transfer of maternal antibodies is likely to be important 
(Old and Deane, 2000). Quokka (Setonix brachyurus) joeys’ immune systems seem to 
be capable of recognizing foreign antigens by ~40 days post partum according to 
allograft rejection experiments (Waring et al., 1978). Antigens encountered before this 
crucial time do not elicit an immune response: they are specifically tolerated by the 
quokkas’ immune systems. If a western barred bandicoot joey were to encounter a 
virus whilst in the pouch, prior to the maturation of its immune system, it would 
theoretically show specific immune tolerance to that virus and be unable to mount any 
specific immune defense against it. Evidently, this would be greatly advantageous to 
the virus and render the bandicoot virtually defenseless to it. Cisternas and Armati 
(1999) reported that the thymus of Isoodon macrourus develops very quickly during 
pouch life, with Hassal’s corpuscles appearing as early as the second week post 
partum. While the onset of T lymphocyte maturation cannot be determined from 
histology alone, in marsupial species for which allograft rejection and mitogen-driven 
lymphocyte proliferation experiments have been performed on pouch young, T 
lymphocyte function always followed histological thymic maturation (La Plante et al., 
1969; Ashman and Keast, 1976; Waring et al., 1978). Therefore, if specific immune 
tolerance to viruses is possible in P. bougainville, there may only be a ~2 week 
window of opportunity in which the phenomenon may occur. If specific immune 
tolerance is a feature of the epidemiology of western barred bandicoot papillomatosis 
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(Favre et al., 1998), this would have to be thoroughly considered before embarking on 
vaccination trials. Perhaps passive transfer of maternal antibodies through the milk 
could protect pouch young from vertically transmitted viral infection. If this were true, 
then there would be value in vaccinating female P. bougainville against bandicoot 
papillomatosis and carcinomatosis virus type 1, to protect the offspring during pouch 
life. 
 
2.3.14.4 Heritable immunodeficiency conditions 
The clinical pathology results obtained from healthy and wart-affected P. bougainville 
indicate no obvious primary immunodeficiencies in western barred bandicoots. It is 
possible, though unlikely that an epidermodysplasia verruciformis-like heritable 
condition is involved in the pathogenesis of western barred bandicoot papillomatosis 
and carcinomatosis syndrome. Only close study of breeding records allied with DNA 
studies may identify a genetic lesion, however, the epidemiological data do not support 
the involvement of a heritable immunodeficiency (L. Woolford, personal 
communication, 2008).  
 
2.3.14.5 Low genetic diversity 
Certain major histocompatibility complex (MHC) class II alleles in rabbits have been 
identified as factors in predicting the regression or persistence of warts associated with 
cottontail rabbit (Shope) papillomavirus (Han et al., 1992; Salmon et al., 2000), and in 
humans, certain human lymphocyte antigen (HLA) class II alleles have been positively 
or negatively correlated with HPV related high grade cervical intraepithelial neoplasia 
and invasive carcinoma (Breitburd et al., 1996). Such observations hint at an 
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infections and their ultimate outcome, possibly providing the link between reduced 
genetic diversity and increased papillomatosis. Smith and Hughes (2007) found 
absolutely no genetic variation in the P. bougainville DAB gene of the β1 domain of 
MHC class II, despite analyzing 142 individuals from 5 populations. These findings 
indicate that low genetic diversity is a possible host factor in the pathogenesis of 
western barred bandicoot papillomatosis and carcinomatosis syndrome. 
 
2.3.15 Future directions 
2.3.15.1 Testing the function of the P. bougainville immune system 
The possibility that immune suppression may be playing a role in the pathogenesis of 
western barred bandicoot papillomatosis and carcinomatosis syndrome is troublesome. 
With the intricacies of marsupial immunology still so poorly defined, many of the tools 
for confidently determining the immune system’s functional status in P. bougainville 
simply do not yet exist. 
 
2.3.15.1.i Monitoring susceptibility to trivial diseases 
Even with the most advanced laboratory testing available, one of the best methods to 
assess an individual’s immune status is to test for the occurrence of certain indicator 
conditions: illnesses which are exceedingly uncommon in immunocompetent patients, 
but which occur frequently in patients with compromised immune systems. For 
example, a HIV-positive human with concurrent Pneumocystis jirovecii (formerly P. 
carinii) pneumonia is defined as having AIDS, regardless of their CD4
+ T lymphocyte 
count (CDC, 1987). Indeed there are many such “AIDS defining” conditions in adult 
humans (CDC, 1987). These clinical indicators of immune suppression are very 
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lacking or in development. Some of the parasitic infections of P. bougainville, 
described in the next chapter, might be suitable indicator conditions for monitoring the 
immune status of individual P. bougainville (Case Report B).    
 
2.3.15.1.ii Intradermal skin testing 
Intradermal skin testing (e.g. the tuberculin skin test) is a time-honoured method for 
measuring an animal’s cell mediated immune response to particular purified antigens 
to which they have been sensitized (Roitt et al., 1993). Delayed hypersensitivity 
response testing was optimized for 2,4-dinitrofluorobenzene in quokkas (Setonix 
brachyurus) by Turner et al. (1972). They showed that delayed hypersensitivity testing 
failed in a thymectomised quokka, but that a humoral response remained, indicating 
that delayed hypersensitivity is T lymphocyte-mediated and that humoral immune 
responses do not depend on the presence of the thymus in quokkas. Intradermal skin 
testing should be considered for future studies seeking to investigate the cell mediated 
arm of the adaptive immune response in P. bougainville. 
 
2.3.15.1.iii Lymphocyte proliferation assays 
Peripheral mononuclear leukocytes (PMNLs) (also known as peripheral blood 
mononuclear cells or PBMCs) can be separated from anticoagulated whole blood and 
cultured in the presence of a chemical mitogen such as Concanavalin A (ConA), 
pokeweed mitogen (PWM) or phytohaemagglutinin (PHA) (Roitt et al., 1993). In such 
cultures, lymphocytes become activated, enter the cell cycle and divide (proliferate) 
and the extent of this lymphocyte proliferation can be assessed directly by counting the 
number of lymphocytes, or indirectly by quantifying the incorporation of nucleotides 
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Alamar Blue
TM dye) (Roitt et al., 1993). This test is an in vitro estimate of lymphocyte 
response to stimulation and may reveal susceptibility to certain diseases. For example, 
low lymphocyte proliferation has been correlated with an increased risk of 
Mycobacterium avium complex infections in Matschie’s Tree Kangaroos 
(Dendrolagus matschiei) (Montali et al., 1998). 
 
2.3.15.1.iv Peripheral T lymphocyte counts 
The revised CDC classification system for HIV-infected adolescents and adults also 
uses the concentration (and percentage) of peripheral CD4
+ T lymphocytes to 
categorize the stage of HIV-associated disease progression (CDC, 1987). If appropriate 
lymphocyte subsets can be identified in marsupial bandicoots, then flow cytometric 
studies using specific fluorochrome-conjugated antibodies could be used to estimate 
the concentration and percentage of such subsets in peripheral blood from P. 
bougainville. Immunohistochemistry experiments have shown that an antibody to the 
intracytoplasmic ε-chain of the T cell receptor binds to I. macrourus T lymphocytes 
and CD79β antibodies bind to their B lymphocytes (Old and Deane, 2002). However, 
it remains to be seen whether T lymphocyte concentrations correlate to any clinically 
relevant parameters in peramelids generally and P. bougainville specifically.     
 
2.3.15.1.v Leukocyte coping capacity 
The leukocyte coping capacity is an indirect measurement of the capacity of peripheral 
leukocytes in whole blood to produce a respiratory burst following stimulation by a 
mitogen, phorbol myristate acetate (PMA) (McLaren et al., 2003). This test was 
evaluated in badgers (Meles meles) – one group was exposed to a stressor, the other 
 110group acted as a control (McLaren et al., 2003). The authors suggested that the failure 
of the respiratory burst in the stressed group was a result of endogenous corticosteroids 
released into the circulation, but did not conclusively prove this hypothesis by treating 
an aliquot of control blood with exogenous corticosteroids, or directly measuring 
serum corticosteroids in the two groups (McLaren et al., 2003). In any case, this 
method may be useful for assessing one aspect of immune function of wildlife species 
in the field, though it does require a portable chemiluminometer and a 37 °C incubator.  
 
2.3.15.1.vi Transcription profile of leukocytes 
A powerful technique for investigating the capacity of the immune system’s cells to 
respond to various stimuli is to quantify the transcription level of genes involved in an 
appropriate immune response using quantitative reverse transcriptase PCR. 
Quantitative comparative analysis of the transcriptomes of unstimulated and 
maximally stimulated peripheral blood mononuclear cells has the potential to identify 
which genes are upregulated in an active immune response, without the need to 
develop specific immunoassays or bioassays to detect the gene products (Rottmann et 
al., 1995). It has been used successfully to quantify cytokine gene transcription in 
many species including humans, cattle, swine, cats, and even the harbor porpoise 
(Hutchinson et al., 1994; Covert and Splitter, 1995; Rottman et al., 1995; Dozois et al., 
1997; Härtel et al., 1999; Beineke et al., 2004). Recently, the complete 
characterization of the grey short-tailed opossum (Monodelphis domestica) genome 
has enabled the identification of several putative marsupial cytokine genes (Wong et 
al., 2006). As more marsupial genomic data become available, it will become 
increasingly possible to assess the transcriptomes of P. bougainville cells. 
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Non-specific natural antibodies are a constitutive product of the innate humoral 
immune system of vertebrates (Whiteman et al., 2006). The natural antibody response 
is hypothesized to predict the strength of the adaptive immune response (Kohler et al., 
2003; Lammers et al., 2004). Matson et al. (2005) described assays for measuring 
natural antibody mediated complement activation and red blood cell agglutination in 
avians and these tests could potentially be adapted to P. bougainville, however, 
specific adaptive humoral immune responses are now detectable in P. bougainville, 
making assays of natural antibodies redundant. 
 
2.3.15.1.viii Serological surveys 
Now that antibodies capable of binding to P. bougainville immunoglobulins are 
available, serological tests can be devised for viral, fungal, bacterial, protozoan and 
helminth pathogens. The epidemiological information such tests could provide would 
significantly enhance the understanding of diseases in this species.  
 
2.3.15.2 Vaccination 
Prophylactic vaccination using recombinant virus-like particles has recently been 
widely implemented for prevention of anogenital cancers caused by high-risk mucosal 
HPV types (CDC, 2006). Efficacy and safety trials indicated this multivalent vaccine 
was highly successful, generated long-lasting immunity and had only mild, benign 
side-effects (CDC, 2006). Were this technology applied to prevent western barred 
bandicoot papillomatosis and carcinomatosis syndrome, it would have great potential 
benefits, though many logistical problems would need definitive solutions, including 
delivery route, vaccination protocol, efficacy and safety testing. 
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The potential also exists for a therapeutic vaccine to be developed, to treat clinical 
papillomatosis in P. bougainville. Clearly defined and practical goals would need to be 
established before embarking on any vaccine development project. 
 
2.4 Conclusions 
Further research into the immune physiology of western barred bandicoots is needed to 
answer the numerous questions raised in the above discussion. The results presented in 
this chapter significantly augment the information available with which to objectively 
monitor health and response to disease in populations of P. bougainville and individual 
animals. Clinicians, laboratory diagnosticians and researchers now have greater and 
more detailed resources with which to test and interpret clinical pathology samples, 
thus illuminating aspects of the immune physiology and pathophysiology of P. 
bougainville.  
 
The potential now exists for serosurveys to be conducted on banked P. bougainville 
sera, which will facilitate epidemiological studies on many potential pathogens of 
relevance to P. bougainville. The ability to measure serological responses to antigens 
will be crucial to the testing and monitoring phases of any future vaccination 
programs, however many fundamental questions remain to be answered before such 
programs can be undertaken. 
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Parasitology of western barred bandicoots 
 
3.1 Introduction 
3.1.1 The host – parasite interaction  
Unlike commensalism, mutualism, phoresis and symbiosis, parasitism is a 
heterogenetic association in which one species (the parasite) has its metabolic needs 
met at the expense of the other species (the host) (Smyth, 1994). The pathogenicity of 
any parasitic infection depends on the virulence of the parasite, the parasitic burden, 
the parasite’s anatomical location within or on the host and the ability of the host to 
appropriately resist the infection or its deleterious effects (Anderson and May, 1978; 
Gulland, 1995). The host’s defences may be compromised by malnutrition, stress and 
intercurrent disease or overwhelmed by highly virulent parasites or heavy or mixed 
infestations, thereby making the host more susceptible to predation, other infections or 
the effects of unfavourable environmental conditions (Lapage, 1968). In this way, 
parasite burdens may dramatically influence an individual host’s fitness and therefore 
have the potential to profoundly influence a population’s evolution (May, 1988; Scott, 
1988; Gulland, 1995) which may, in turn, affect other populations and other species 
(Cunningham, 1996).  
 
Parasitic infections that impact on host survival, reproduction and dispersal may 
ultimately affect the genotype and ecology of the host (Anderson and May, 1979; 
Scott, 1988). The inverse is also true: parasites may evolve to better survive in or on 
their host species (Lapage, 1968). In this way, hosts and parasites tend to co-evolve 
 114over time. Some parasites have evolved to become highly host-specific while others 
have the ability to infect many species (Lapage, 1968; Bowman, 1999). Individual 
animals that carry parasitic burdens which do them little or no apparent harm may act 
as carriers of parasitic diseases to susceptible individuals (Lapage, 1968). 
 
3.1.2 Parasitic infections in endangered animal species 
Endangered host species may be at a heightened risk of experiencing pathogenic 
effects of parasitic infections, and in very small populations, the death of even a few 
individuals can have a devastating impact on the continued survival of that population 
(Cunningham, 1996). The reduced genetic diversity that necessarily accompanies a 
host species’ endangered status is thought to exacerbate the potential for disease issues 
to affect individuals and populations (O’Brien and Evermann, 1988). When 
endangered animal populations decline, diseases that were once endemic and 
minimally pathogenic (due to a level of immunity across the population) can become 
epidemics that sweep through immunologically naïve remnant populations with 
potentially severe consequences (Viggers et al., 1993; Cunningham, 1996). 
Furthermore, the reduction in genetic diversity found in endangered animal 
populations can sometimes be correlated with an increase in susceptibility to 
parasitism or increased parasitic burdens. For example, Meagher (1999) showed that 
the prevalence of Capillaria hepatica infection in Peromyscus maniculatus gracilis 
was inversely correlated to host genetic diversity. The notion that reduced genetic 
diversity can be linked to increased parasite load through a weakened immune system 
was recently investigated by Whiteman et al. (2006) by studying island populations of 
Galapagos hawks (Buteo galapagoensis). Their research found that reduced host 
genetic diversity was indeed correlated to increased ectoparasite burdens, though the 
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host genetic diversity was unconvincing and inconclusive. 
 
3.1.3 Parasitic infections in captive wildlife 
Disease issues including parasitism are magnified in captive breeding or intensively 
managed wildlife populations where stocking densities may be raised to artificially 
high levels (McCallum and Dobson, 1995). Overcrowding can lead to malnutrition and 
host stress, which tends to diminish resistance to parasites (Viggers et al., 1993). 
Overcrowding also increases the burden of parasitic organisms, eggs or oocysts in the 
environment, thus increasing the host’s exposure to these potential pathogens 
(Lebarbenchon et al., 2006). Captive populations may be fed diets or treated with 
medications that have the potential to influence the host-parasite interaction (Bjørn et 
al., 1996). These animals may also be exposed to foreign parasites by virtue of their 
unnaturally close proximity to other animal species with which they would not 
normally come in contact or share territory (Pauli et al., 2004). Parasite burdens can 
influence survivorship and reproduction (Fuller and Blaustein, 1996), therefore due 
consideration should be given and effective parasite monitoring implemented in 
captive wildlife situations (Leighton, 2002; Mathews et al., 2006). However, complete 
eradication of all parasitic infections is not a realistic or even desirable goal (Scott, 
1988; Lyles and Dobson, 1993; Cunningham, 1996) because parasites exert important 
pressures on host population dynamics (Gulland, 1995) that, perhaps counter-
intuitively, can improve ‘fitness’ at the population level. 
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Translocation of host animals also (often inadvertently) leads to the translocation of 
their parasites (Cunningham, 1996). The stress associated with capture, transportation 
and release into an entirely new location can diminish the animals’ resistance to 
parasitic infections (Mathews et al., 2006). Translocated animals may also be affected 
by new parasites in their new environment, to which they may have little resistance, as 
well as transmitting their parasites to new populations of animals at the translocation 
site (Hutchins et al., 1991; Davidson and Nettles, 1992; Ballou, 1993; Viggers et al., 
1993). These issues are often not given the consideration they deserve during planning 
or execution of translocation programs for wildlife species (Woodford, 2001). 
Leighton (2002) says that health screening programs for wildlife translocations and 
reintroductions should protect the destination population from new pathogens; consider 
the implications of stress in the transported animals; and also consider the disease risks 
to the transported animals from pathogens endemic at the destination. Clearly, this can 
only be done when baseline data on the prevalence and distribution of relevant 
pathogens are known, however these data are rarely available (Mathews et al., 2006). 
The catalogue of parasites identified from P. bougainville presented below, represents 
the baseline data on the parasitic infections of this species called for by Mathews et al. 
(2006), and should be considered during planning and execution of future P. 
bougainville translocation and population monitoring programs. 
 
3.1.5 Significance of parasitism in endangered animal populations 
Cunningham and Daszak (1998) associated the extinction of the Polynesian land snail 
(Partula turgida), with a microsporidian parasitic infection, exemplifying the potential 
threat of parasitism in endangered animal populations. However, the diagnosis of 
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parasite in a particular host: the diagnosis of a parasitic disease requires far more 
(Bowman, 1999). Rarely is there a clearly defined relationship between parasitic 
infection and clinical significance. Managers of endangered animal populations should 
first identify the parasites that may infect a particular host species and assess the likely 
pathogenic potential for each parasite species. Captive and free-living populations 
should have their parasite status monitored wherever practicable (Cunningham, 1996). 
If parasitic infections are unlikely to represent a significant threat to the survival of the 
host species, procedures and systems should be implemented that aim to maintain the 
host-parasite relationship in a natural equilibrium (Lyles and Dobson, 1993; 
Cunningham, 1996).  
 
3.1.6 Literature review of parasitic infections of Perameles bougainville 
The scientific literature referring to the parasitology of western barred bandicoots is 
the most abundant of all the veterinary scientific literature regarding this hitherto rarely 
studied bandicoot species. Two nematode species were recorded for Perameles 
bougainville in the catalogue of Australasian monotremes and marsupials and their 
helminth parasites by Spratt et al. (1990): Echinonema cinctum and Labiobulura 
inglisi. Echinonema cinctum from P. bougainville was renamed Linstowinema 
peramelis in Smales’ (1997) revision of the Echinonematinae. Labiobulura inglisi 
parasitic in P. bougainville from Western Australia was described from one female 
worm in poor condition by Mawson (1960) and had previously been reported as 
Subulura peramelis by Johnston and Mawson (1939). 
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Dorre Islands by Roberts (1963): Haemaphysalis lagostrophi, Haemaphysalis ratti and 
Haemaphysalis humerosa. Interestingly, H. humerosa also goes by the epithet of the 
‘bandicoot tick’ and is strongly associated with Q-fever through pioneering Australian 
research into the sylvatic cycle of Coxiella burnetii in Isoodon macrourus and H. 
humerosa (Smith and Derrick, 1940). Another arachnid species, the fur mite 
Austrochirus dorrensis was described from P. bougainville from Dorre Island by Fain 
and Lukoschus (1981). 
 
A coprological survey of parasitic oocysts and eggs examined 35 faecal samples from 
P. bougainville held in the Peron Captive Breeding Centre facility (Adams, 2003). The 
study records the following prevalences: strongyle eggs 60%, spiruroid eggs 25.7%, 
Trichuris sp. eggs 22.9%, Linstowinema sp. eggs 11.4%, unidentified oxyuroid eggs 
2.9%, unidentified Entamoeba sp. oocyst 2.9%, unidentified Eimeria sp. oocyst 2.9% 
and unidentified coccidian oocysts 14.3%.  There was no evidence of Strongyloides 
sp., Syphacia sp., Giardia sp. or trematodes in the study.  
 
These references comprised the sum total of published work on the parasitology of P. 
bougainville. This apparent paucity of recorded parasites for P. bougainville was at 
odds with the numerous parasites found in other bandicoot species (Appendix 6.3). 
This is presumably due to the number of studies regarding the parasitology of 
bandicoots in other parts of Australia, rather than any true scarcity of parasitic 
infections in P. bougainville. Indeed, the present study records the identification of 
many ecto- and endoparasites previously not known to infect P. bougainville. With 
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will be added to this growing list. 
 
3.1.7 Publications 
This chapter describes research undertaken from 2005 to 2007 on the parasitic 
infections of western barred bandicoots. The parts relating to Eimeria kanyana n. sp. 
and Klossiella quimrensis have been published in the Journal of Parasitology. A 
poster on the ectoparasites of P. bougainville was presented at the North American 
Veterinary Dermatology Forum, held in Kauai, Hawaii, USA in April 2007 and a 
lecture was given on the parasitic infections of P. bougainville to the 43
rd International 
Symposium on Diseases of Zoo and Wild Animals, held in Edinburgh, UK in May 
2007.  
 
3.2 Materials and methods 
3.2.1 Faeces collection 
Faeces were collected from within Elliot traps or from beneath Sheffield traps when 
conducting fieldwork at Dryandra, Heirisson Prong, Bernier Island and Dorre Island. 
Fresh western barred bandicoot faeces were identifiable by their size, shape and 
consistency. If laboratory analysis of faeces was likely to be delayed for several days, 
faecal samples were divided into two parts; one collected into 10% neutral buffered 
formalin (up to 1 g of faeces to 9 mL of formalin) and broken up thoroughly with a 
probe, the remainder collected into 70% ethanol. At Kanyana Wildlife Rehabilitation 
Centre, the feeding platforms of each enclosure were examined for fresh faeces in the 
mornings and analysed in the laboratory on the same day.  
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Faecal samples were mixed with faecal flotation solution (50% sucrose in saturated 
NaCl solution) agitated with a probe to break up faecal pellets in 10 mL centrifuge 
tubes. When a paste or slurry had been produced, the tubes were filled to 10 mL with 
faecal flotation solution and centrifuged at 2000 ×g for 5 minutes. A wire loop was 
used to transfer the uppermost fraction of the flotation solution to a glass microscope 
slide, and a glass coverslip placed on the transferred material. The slide was then 
examined using an Olympus BX-50 light microscope for parasite eggs and oocysts.  
 
3.2.3 DNA extraction from faeces 
Faeces previously collected into 70% ethanol were used for DNA extraction to enable 
screening for evidence of parasites using molecular techniques. The excess ethanol 
was decanted and 0.25 g faeces were weighed out. Total DNA was extracted from each 
sample using the PowerSoil
TM DNA extraction kit (MoBio Laboratories), according to 
the manufacturer’s protocol, with the added step of boiling the sample for 15 minutes 
after transferring it to the provided PowerBead tubes. The concentration of extracted 
DNA was determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop 
Technologies, Inc.). 
 
3.2.4 Nested PCRs for Cryptosporidium sp. and Giardia sp. screening  
Josephine Ng kindly provided the method and some reagents to enable screening of 
faeces for the presence of Cryptosporidium sp. and Giardia sp. DNA. Both techniques 
used a two-step nested PCR protocol targeting the 18S ribosomal RNA genes of these 
parasites and the methods have been described (Hopkins et al., 1997; Ryan et al., 
2003). 
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Animal handling and sample collection was carried out with the permission of the 
Murdoch University Animal Ethics Committee (R1115/05). Animals were trapped 
overnight using Sheffield or Elliot traps at Dryandra, Heirisson Prong, Bernier Island 
and Dorre Island. At Kanyana Wildlife Rehabilitation Centre, P. bougainville were 
caught using a hand-netting technique. All individuals were transferred into cloth bags 
and examined under general anaesthesia induced and maintained by mask-delivered 
isoflurane (Isorrane, Baxter Healthcare) in oxygen. Anaesthesia lasted up to 10 
minutes and recovery was generally swift and uneventful. 
 
3.2.6 Blood collection 
Where possible, a 25 gauge needle was used to collect a small volume (up to 1.3 mL) 
of blood by jugular venipuncture. Collected blood was decanted into EDTA and/or 
lithium heparin tubes (Microtainer®, Becton-Dickinson) and mixed gently. Blood 
smears were made from EDTA-anticoagulated blood samples within 2 hours of 
venipuncture and air-dried rapidly. Blood smears were routinely stained with Wright’s 
Giemsa and permanently mounted with DPX, for subsequent examination by light 
microscopy. 
 
3.2.7 Haemoparasite screening 
Wright’s Giemsa stained blood smears (n=111) from clinically healthy and unhealthy 
P. bougainville were examined for haemoparasites using light microscopy. 
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Ectoparasites including fleas, ticks and mites were collected from anaesthetized P. 
bougainville using forceps and placed into 70% ethanol for identification and further 
study. Handling bags were also examined for ectoparasites. Trombiculid mite larvae 
(chiggers) often required gentle but persistent skin scraping using a sterile scalpel 
blade to dislodge and collect them. 
 
3.2.9 Ectoparasite identification 
Ticks were examined using a dissecting microscope and identified to species using 
appropriate keys (Roberts, 1963). 
 
Fleas were examined initially by light microscopy and identified to species using 
appropriate keys (Dunnet and Mardon, 1974). If identification to species level could 
not be reached by external examination of the flea, then the flea was boiled in 10% 
potassium hydroxide (w/v) in a test tube for approximately 3 – 5 minutes, dehydrated 
through graded ethanols, cleared in methyl salicylate, mounted in Canada balsam on a 
glass microscope slide, covered with a coverslip and sealed with nail varnish. The 
specimen, now with internal structures revealed, was re-examined using the keys to 
determine the species. 
 
Chiggers were simply mounted in Hoyer’s medium on glass microscope slides, 
covered with a coverslip which was subsequently sealed with nail varnish. The 
specimens were examined using light microscopy and identified to species using 
appropriate keys (Domrow and Lester, 1985). 
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Whole or partially dissected ectoparasites were subjected to total DNA extraction 
using the DNeasy tissue kit (Qiagen) according to the manufacturer’s guidelines. The 
concentration of extracted DNA was measured using a NanoDrop ND-1000 
spectrophotometer (NanoDrop Technologies, Inc.). 
 
3.2.11 Necropsy techniques 
Deceased P. bougainville were examined externally, and photographs of external 
lesions taken. Identification was checked by microchip scan and comparison to 
previous records. A ventral midline incision was made and chest removed to facilitate 
examination of internal organs and the brain removed dorsally in toto. Samples were 
collected into 10% neutral buffered formalin from all major organs and body systems 
for routine histopathology. Gastrointestinal tracts were removed for parasite collection 
and identification. The stomach, small intestine and caecum/large intestine were 
examined separately for each individual. After opening these organs, the contents were 
decanted into labeled pots for further examination. The mucosae of the organs were 
scraped and added to the appropriate pots. Where possible, urine was collected by 
urinary bladder cystocentesis. Faeces were collected and examined using the faecal 
flotation techniques described above. 
 
3.2.12 Helminth identification 
The contents of the stomach, small intestine and caecum/large intestine were examined 
using Petri dishes and a dissecting microscope. Helminths were collected into glycerol 
alcohol, then later cleared in lactophenol and examined by light microscopy after 
temporararily mounting the specimens on a glass microscope slide with lactophenol, 
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micrometer. Appropriate keys and references (Mackerras, 1959a; Mawson, 1960; 
Smales, 1997) were consulted to assist with identification of helminths to species. 
 
3.2.13 Scanning electron microscopy 
A male Labiobulura inglisi was fixed in 5% glutaraldehyde and post-fixed with 1% 
Dalton’s chrome osmic acid. The specimen was dehydrated through several changes 
each of graded ethanols (30%, 50%, 70%, 80%, 90%, 95%, 100%). Absolute 
dehydration was achieved with three changes of super-dry ethanol, then 1:1 
ethanol:amylacetate, then 2 changes of pure amylacetate. The dehydrated nematode 
was placed in a critical point dryer and then mounted on a stub and sputter-coated with 
gold. The specimen was viewed with a Philips XL 20 scanning electron microscope 
(Philips, Eindhoven, Holland).  
 
3.2.14 Oocyst sporulation 
Fresh faeces were collected from P. bougainville and mixed with 2% potassium 
dichromate (w/v) solution. A probe was used to break down faecal pellets and the 
resulting slurry poured into a large glass Petri dish. Potassium dichromate solution was 
added to make the depth <1 cm and the Petri dish left to incubate at room temperature 
in the dark to facilitate oocyst sporulation. 
 
3.2.15 Description of Eimeria kanyana 
Sporulated oocysts were concentrated by faecal flotation using saturated sodium 
chloride and 50% sucrose (w/v) solution. Slides were produced using a wire loop to 
transfer oocysts, and mounted using a coverslip edged with petroleum jelly. Sporulated 
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BX50 microscope and measured by Optimas 5 image analysis software (Optimas 
Corporation, Seattle, USA). Bright field and Nomarski differential interference 
microscopy techniques were used to measure and photograph sporulated oocysts. 
 
3.2.16 Sporulation time of Eimeria kanyana  
Faeces were collected as above, mixed with 2% potassium dichromate (w/v) solution 
and distributed into 6-well plates. The contents of each well were examined for the 
relative proportions of sporulated, unsporulated, and degenerate oocysts at various 
time points throughout the experiment. 
 
3.2.17 Oocyst shedding of Eimeria kanyana 
Faeces were collected every second day from western barred bandicoots kept at 
Kanyana Wildlife Rehabilitation Centre for a 1 week period. Only 1 P. bougainville 
produced samples consistently enough for inclusion in this study. Each sample was 
carefully weighed then mixed with saturated sodium nitrate faecal flotation solution in 
a Fecalizer® filled to the brim. A 22 × 22 mm glass coverslip was rested on the filled 
Fecalizer® and left for 10 minutes. The coverslip was then transferred onto a glass 
microscope slide and carefully examined by light microscopy. The number of Eimeria 
kanyana n. sp. oocysts was counted and the concentration of oocysts per gram (wet 
weight) of faeces calculated.   
 
 1263.3 Results and discussion 
A comprehensive and up-to-date listing of parasites recorded from extant Isoodon and 
Perameles species in Australia is presented in Appendix 6.3. 
 
3.3.1 Ectoparasites 
3.3.1.1 Mites (Arachnida: Acariformes) 
3.3.1.1.i Austrochirus dorreensis Fain and Lukoschus, 1981 
No fur mites were detected on any P. bougainville examined throughout the course of 
this study. The original description of this parasite, taken from P. bougainville on 
Dorre Island, does not refer to any clinical signs in the host, therefore the clinical 
significance of this parasite is doubtful (Fain and Lukoschus, 1981).  
 
3.3.1.1.ii Schoutedenichia emphyla Domrow, 1960 (= Guntherana emphyla) 
The larval stages (chiggers) of S. emphyla were commonly parasitic on the peri-scrotal, 
peri-pouch and aural skin of P. bougainville at Dryandra. Grossly, these parasites were 
bright orange, stationary, sessile dots on the inguinal or aural skin where hair was most 
sparse (Fig. 3.1A). Not uncommonly, the presence of these chiggers was accompanied 
by an intensely pruritic reaction in the host, characterized by localized redness, 
thickening and swelling, and sometimes multifocal, white, 1 mm diameter pustules. No 
other trombiculid mite species was identified on P. bougainville during this study, nor 
were any P. bougainville kept at geographical sites, other than Dryandra, found to have 
this infection. 
 
Certain species of trombiculid mite larvae (typically Leptotrombidium spp.) can act as 
vectors of Orientia tsutsugamushi, the causative agent of scrub typhus (Yu and 
 127Walker, 2005). S. emphyla is not implicated in the transmission of O. tsutsugamushi, 
though other disease agents could conceivably be transmitted by chiggers. Chiggers 
attach to their host and inject their saliva into epidermal cells which creates a feeding 
tube called a stylostome to which the mite fastens its mouthparts (Bowman, 1999). The 
stylostome extends from the surface of the epidermis, through the layers of the 
epidermis to the dermis (Bowman, 1999). Such a defect in the epidermis is a potential 
site for virus entry into basal keratinocytes, highlighting the potential role of 
ectoparasites in the epidemiology and transmission of other pathogenic agents, 
particularly bandicoot papillomatosis carcinomatosis virus type 1.   
 
 
 
Figure 3.1 Selected arachnid parasites of Perameles bougainville. (A) The bright 
orange chiggers of Schoutedenichia emphyla were commonly found attached to the 
inguinal skin, including the scrotum of male and the pouch of female Perameles 
bougainville from Dryandra Woodland. (B) Haemaphysalis humerosa and (C) 
Haemaphysalis ratti were the most common tick species identified on Perameles 
bougainville from Bernier and Dorre Islands. In these photographs, the ventral view of 
a male of each species is presented. 
 1283.3.1.1.iii Prevention and treatment of mite infestations 
Little can be done to prevent fur mite and chigger infestations in animals living in 
locations where these parasites occur. Repellants such as dibutyl phthalate can be 
effective at keeping chiggers and fur mites at bay, but this is clearly not a practicable 
strategy in wildlife species accommodated in extensive conditions. The best control 
method is to translocate animals to locations that do not have chigger or fur mite 
infestations. 
 
3.3.1.2 Ticks (Arachnida: Parasitiformes) 
3.3.1.2.i Haemaphysalis humerosa Warburton & Nuttal, 1909 
Haemaphysalis humerosa was first described from a bandicoot, presumably Isoodon 
auratus (recorded as Perameles macrura) from Barrow Island, Western Australia. H. 
humerosa is generally found to parasitise peramelids and rodents from Western 
Australia, New South Wales, Queensland, the Northern Territory and New Guinea and 
is commonly known as the ‘bandicoot tick’. It is a proven vector of Coxiella burnetii, 
the aetiological agent of Q fever (Smith and Derrick, 1940). H. humerosa specimens 
were collected from P. bougainville on Bernier and Dorre Islands every year between 
2005 and 2007 (Table 3.1; Fig. 3.1B).  
 
3.3.1.2.ii Haemaphysalis ratti Kohls, 1948 
Haemaphysalis ratti was first described from specimens collected from New Guinea. It 
is usually parasitic on rodents and has been recognized in Australian rodent and 
bandicoot specimens collected from Western Australia, Queensland and the Northern 
Territory. Variable numbers of H. ratti were collected in 2005-2007 from P. 
bougainville from Bernier and Dorre Islands (Table 3.1; Fig. 3.1C). 
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3.3.1.2.iii Haemaphysalis lagostrophi Roberts, 1963 
Roberts (1963) described H. lagostrophi from specimens collected from Lagostrophus 
fasciatus, Lagorchestes hirsutus and Perameles bougainville from Bernier and Dorre 
Islands. In 2007, 4 H. lagostrophi were collected from P. bougainville during 
fieldwork on Bernier and Dorre Islands (Table 3.1). 
 
Table 3.1 Numbers of male and female ticks recovered from Perameles bougainville 
from Bernier and Dorre Islands between 2005 and 2007. 
H. humerosa  H. ratti  H. lagostrophi  Year #  WBB 
examined  ♂  ♀  ♂  ♀  ♂  ♀ 
2005 13  5  0  15 10  0  0 
2006  22  2 6 0 1 0 0 
2007  23  3 1 0 7 1 3 
 
3.3.1.2.iv Other tick species and other hosts 
The only tick species found to attach to humans during fieldwork on Bernier and Dorre 
Islands was Amblyomma limbatum, Neumann, 1899. PCR of DNA extracted from 
these ticks proved positive for rickettsial DNA sequences (Y. Abdad, personal 
communication, 2007). 
 
A shark bay mouse, Pseudomys fieldi (Waite, 1896) from Bernier Island was found to 
have 1 female H. ratti and 2 female H. humerosa. These were also PCR-positive for 
rickettsial DNA (Y. Abdad, personal communication, 2007).  
 
 1303.3.1.2.v Pathogenic potential of tick infestations 
The pathogenic effects of tick bite relate mainly to their potential to transmit microbial 
infections such as spirochetes, rickettsias, piroplasms and viruses (Bowman, 1999). 
Some tick species’ salivary secretions can be venomous to certain animal species 
(Bowman, 1999). Tick bite wounds may also become secondarily infected with 
bacteria or maggots and heavy tick infestations can lead to significant blood loss 
(Bowman, 1999). The presence of attached ticks can in and of itself, cause stress to 
animals – a condition known as “tick worry” (Bowman, 1999). 
 
The tick species parasitic on P. bougainville collected from Bernier and Dorre Islands 
contained Rickettsia sp. and Coxiella burnetti DNA (Y. Abdad and M. Banazis, 
personal communication, 2007). Although transmission studies were not attempted, it 
is likely that ticks play an important role in the epidemiology of these organisms on 
Bernier and Dorre Islands. Further studies are needed to investigate whether these tick 
species act as vectors of Q fever and spotted fevers in bandicoots from Western 
Australia. 
 
3.3.1.2.vi Coxiella burnetii 
Q fever is caused by Coxiella burnetii, a gram negative obligate intracellular bacterium 
classified in the gamma subdivision of the Proteobacteria (Maurin and Raoult, 1999). 
The term ‘Q fever’ (query fever) was coined by E. H. Derrick in 1937 to describe a 
febrile condition in abattoir workers from Brisbane, Queensland, Australia (Maurin 
and Raoult, 1999). Chronic C. burnetii infection in animals is usually asymptomatic, 
though abortion, reduced fertility and low birth weights are possible (Maurin and 
Raoult, 1999). With the exception of New Zealand, this zoonosis has a global 
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veterinarians and farmers are considered at heightened risk of contracting Q fever 
(Maurin and Raoult, 1999). While many human Q fever cases are asymptomatic or of 
mild degree, severe acute infections can occur which may lead to myocarditis, 
meningoencephalitis and even death (Maurin and Raoult, 1999). Chronic human 
infections are also known and infection during pregnancy may lead to low birth weight 
in neonates, premature birth and even abortion (Maurin and Raoult, 1999). 
 
Early research into Q fever in Australia found that Isoodon macrourus from Moreton 
Island, Queensland, acts as a wildlife reservoir of the infectious agent of Q fever, then 
named Rickettsia burneti (Derrick et al., 1939). Furthermore, the Q fever organism 
was found in H. humerosa from Moreton Island, which were frequently parasitic on I. 
macrourus (Smith and Derrick, 1940).  
 
Reservoirs of Coxiella burnetii include wild and domestic mammals, birds and 
arthropods (Maurin and Raoult, 1999). Exposure to the placentas and milk of 
chronically infected domestic ruminants such as cattle, sheep and goats represent the 
greatest risk for human infection (Maurin and Raoult, 1999). However, the role of 
wildlife species and ectoparasites in the epidemiology of Q fever has attracted much 
attention, perhaps due to early research which indicated the potential for a sylvatic C. 
burnetii lifecycle involving marsupial bandicoots and their ticks on Moreton Island. It 
appears that a sylvatic lifecycle, this time involving the marsupial bandicoot species P. 
bougainville and the tick H. humerosa on Bernier and Dorre Islands, Western Australia 
may also exist. Numerous wild and domestic animal species are proven or suspected 
reservoirs of C. burnetii, and more than 40 tick species (including Haemaphysalis sp. 
 132and Amblyomma sp. in Australia) are naturally infected with C. burnetii (Maurin and 
Raoult, 1999). 
 
It is possible that P. bougainville and their ticks may have been hosts of C. burnetii 
since before Bernier Island and Dorre Island were separated from the Australian 
mainland by rising sea levels at the end of the last ice age. Alternatively, humans and 
domestic livestock or birds might have brought C. burnetii to the Islands more 
recently. 
 
From a public health perspective, the P. bougainville – H. humerosa cycle is of 
negligible risk. Human visitors to Bernier and Dorre Islands were only bitten by 
Amblyomma limbatum, and although human coxiellosis is rarely an arthropod-borne 
disease, this tick species probably represents the greater public health risk on these 
islands. In any case, visitors to Bernier and Dorre Islands should be aware that P. 
bougainville may act as a wildlife reservoir of C. burnetii. 
 
3.3.1.2.vii Rickettsias 
Of greater public health concern to Bernier and Dorre Island visitors bitten by ticks is 
the Rickettsia sp. detected in ticks collected from P. bougainville, Ps. fieldi and 
humans (Y. Abdad, personal communication, 2007). Rickettsia spp. are small non-
motile Gram negative aerobic coccobacilli (0.3-0.5 × 0.8-2.0 µm) that are obligate 
intracellular parasites (Parola et al., 2005; Todar, 2005). They are classified within the 
alpha subdivision of the Proteobacteria which also includes other bacterial pathogens 
of vertebrates including Ehrlichia sp. and Brucella sp. (Todar, 2005). 
 
 133The PCR results which targeted the citrate synthase gene, gltA and the surface protein 
gene, ompA suggest that the Rickettsia sp. detected from the ticks collected from 
Bernier and Dorre Island belong to the “spotted fever” group (Y. Abdad, personal 
communication, 2007). This group contains representatives from all the continents of 
the world, with the exception of Antarctica, and it is so called because particularly 
virulent members of this group are associated with a clinical presentation involving 
widespread petechial haemorrhages in affected human patients (Parola et al., 2005; 
Todar, 2005). These haemorrhages are due to widespread vasculitis, because these 
Rickettsia sp., though capable of entry into most cells, prefer to replicate within the 
nucleus or cytoplasm of endothelial cells (Todar, 2005). The clinical presentation and 
course of rickettsial infections in humans depends on host factors, pathogen factors and 
the methods used to treat the infection, which typically include doxycycline or 
chloramphenicol (Todar, 2005). 
 
Wildlife species typically act as reservoirs of infection and ixodid ticks may serve as 
vectors or reservoirs (Parola et al., 2005). The significance of these results is chiefly 
related to the zoonotic potential of the Rickettsia sp. involved. Recently, 2 new species 
of Rickettsia were described from ticks in Western Australia: R. gravesii and R. 
antechini, which highlights the rapidity with which knowledge of rickettsias is 
growing in this state (Owen et al., 2006a, b). Further studies are currently being 
undertaken to more fully characterise the Rickettsia species detected in ticks from 
Bernier and Dorre Island. Visitors to Bernier and Dorre Islands should be aware of the 
spotted fever risk and therefore take precautions to reduce the likelihood of tick bites. 
 
 1343.3.1.2.viii Mechanical vectors of bandicoot papillomatosis carcinomatosis virus type 1 
Attachment and feeding of ticks on P. bougainville requires penetration of the skin. 
Therefore, it is theoretically possible for arthropods such as ticks, fleas, flies and 
mosquitoes to act as mechanical vectors of the virus associated with the papillomatosis 
and carcinomatosis syndrome. Rehacek et al. (1976) reviewed the literature regarding 
the transmission of oncogenic viruses by haematophagous arthropods and included 
references to the successful experimental transmission of rabbit papillomavirus by 
ticks, mosquitoes and reduviid bugs. More recently, Kemp-Symonds (2000) detected 
bovine papillomavirus types 1 and 2 in Musca autumnalis infesting sarcoid-affected 
horses, lending weight to the long-held suspicion that flies might be involved in the 
transmission of equine sarcoids. 
 
PCR screening of DNA extracted from all the ticks collected from P. bougainville, Ps. 
fieldi and humans was uniformly negative for bandicoot papillomatosis carcinomatosis 
virus type 1. Therefore, no direct evidence was obtained for the hypothesis that ticks 
might act as mechanical vectors of this virus, however, only a small number of ticks 
were sampled and only a tiny subset of these came from papilloma-affected P. 
bougainville. Specimens of the mosquito species Aedes (Halaedes) ashworthi were 
collected at Bernier Island and it is conceivable though very unlikely that a mosquito 
from Bernier Island could mechanically transmit bandicoot papillomatosis 
carcinomatosis virus type 1 to Dorre Island, given appropriate wind conditions. This 
theoretical mode of virus transmission may be insignificant, but perhaps warrants 
further investigation. 
 
 1353.3.1.2.ix Blood loss 
As discussed in Chapter 2, western barred bandicoots from Bernier and Dorre Island 
had a significantly higher mean percentage of polychromatophilic erythrocytes (1.18 ± 
0.53%, n=12) compared to healthy P. bougainville from all other colonies (0.51 ± 
0.31%, n=59) (P = 0.001, 2-tailed t-test for unequal variances). Increased levels of 
polychromasia are indicative of a regenerative response by the bone marrow to blood 
loss. Since ticks are blood-sucking parasites and engorging ticks were only ever 
collected from P. bougainville from Bernier and Dorre Islands, it seems reasonable to 
suspect the heightened level of polychromasia might be in response to the mild chronic 
blood loss caused by tick bites. 
 
3.3.1.2.x Prevention and treatment of tick infestations 
Tick burdens on P. bougainville were only detected on Bernier and Dorre Islands and 
there is little that can be done to prevent or control tick infestations in wild animal 
populations. Presumably, natural grooming behaviour limits the tick burdens. During 
translocations, manual removal of ticks from anaesthetized P. bougainville could be 
achieved using forceps and topical commercially available ectoparasiticides, such as 
Frontline® Plus (which contains fipronil and S-methoprene) or Advantix® (which 
contains imidacloprid and permethrin) could be used “off label”. The “off label” use of 
medications should always be done with caution, as effectiveness and safety are not 
assured. Imidacloprid has been used to safely and effectively treat flea infestations in 
Perameles gunnii (Baker and Beveridge, 2001). 
 
 1363.3.1.3 Fleas (Insecta: Siphonaptera) 
3.3.1.3.i Pygiopsylla tunneyi Mardon & Dunnet, 1972 
Pygiopsylla tunneyi was the flea species most frequently identified on western barred 
bandicoots living on Bernier and Dorre Islands (Table 3.2; Fig. 3.2A). This flea species 
was usually found in the fur of the back, flanks, rump or inside handling bags used to 
transport the bandicoots. P. tunneyi was originally described from Isoodon obesulus 
collected from Mahogany Creek, near Perth (Dunnet and Mardon, 1974). It is quite 
similar to P. zethi, a species known from marsupials (including I. obesulus) in 
Tasmania, Victoria and New South Wales, however there are distinct differences 
between the genitalia of the two species and P. tunneyi is known only from Western 
Australia, whereas P. zethi has never been reported in Western Australia (Dunnet and 
Mardon, 1974). 
 
3.3.1.3.ii Xenopsylla vexabilis vexabilis Jordan (sub sp. Jordan, 1936) 
One male X. v. vexabilis from Heirisson Prong and 2 males from Bernier Island were 
collected in 2006, from the back, flank or rump of P. bougainville (Table 3.2; Fig. 
3.2B). Xenopsylla vexabilis vexabilis is a sanguinivorous flea species found on rodents, 
dasyurids and the northern brown bandicoot Isoodon macrourus (Australian Faunal 
Directory, 2007; Dunnet and Mardon, 1974). It has been collected in Queensland, 
South Australia and the Northern Territory. X. vexabilis can be found on Hawaii, the 
Kermadec Islands, New Guinea, Thailand, Indochina, islands to the north of New 
Zealand and the Philippines where it is a parasite of native rats in arid regions (Dunnet 
and Mardon, 1974). 
 
 1373.3.1.3.iii Echidnophaga gallinacea (Westwood, 1875) 
Heirisson Prong was the only colony of P. bougainville to be affected by E. gallinacea, 
where it was the most common ectoparasite encountered (Table 3.2; Fig. 3.2A).These 
fleas attached to the back or flanks, where they consumed blood and perhaps caused 
some mild local irritation. This flea species is commonly known as the poultry stick-
fast flea and is a sanguinivorous parasite of many species (Australian Faunal Directory, 
2007; Dunnet and Mardon, 1974). It was first described from the domestic fowl 
(Gallus gallus) and, in Australia, has been reported from numerous eutherian and 
marsupial hosts as well as birds (Australian Faunal Directory, 2007). It is distributed 
widely across the Australian mainland, but has yet to be reported from Tasmania 
(Australian Faunal Directory, 2007; Dunnet and Mardon, 1974). The abundance of E. 
gallinacea at Heirisson Prong may be related to the high number of European rabbits 
(Oryctolagus cuniculus) present within the predator-proof reserve where the P. 
bougainville occured. 
 
Figure 3.2 Some fleas found on Perameles bougainville. (A) Echidnophaga 
gallinacea was commonly found stuck fast to P. bougainville at Heirisson Prong. (B) 
Male Xenopsylla vexabilis vexabilis were collected from P. bougainville on Heirisson 
Prong and Bernier Island. (C) Leptopsylla segnis was recovered only once from 
Kanyana Wildlife Rehabilitation Centre and its association with P. bougainville is 
dubious. 
 1383.3.1.3.iv Leptopsylla segnis (Schönherr, 1811) 
Only 1 L. segnis was collected from the handling bag used to transport a western 
barred bandicoot from Kanyana Wildlife Rehabilitation Centre to Murdoch University 
in 2006 (Table 3.2; Fig. 3.2C). It is a flea species that was introduced to Australia from 
the Northern hemisphere and is commonly known as the European mouse flea 
(Australian Faunal Directory, 2007; Dunnet and Mardon, 1974). Given that this 
parasite was not found on P. bougainville, and that house mice (Mus musculus) are 
commonly found at Kanyana Wildlife Rehabilitation Centre, its association with P. 
bougainville is somewhat uncertain. 
 
3.3.1.3.v Pulex irritans Linnaeus, 1758 
Only 1 P. irritans was collected from a western barred bandicoot on Bernier Island in 
April 2007 (Table 3.2). This sanguinivorous flea species occurs widely throughout 
Australia and has been reported to occur on many marsupial, eutherian and avian hosts 
(Australian Faunal Directory, 2007; Dunnet and Mardon, 1974). It is commonly called 
the human flea as its principal host is considered to be Homo sapiens. Its significance 
with respect to P. bougainville is doubtful. 
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locations in Western Australia during fieldwork conducted between 2005 and 2007.  
Bernier 
Island 
Dorre 
Island 
Dryandra Heirisson 
Prong 
Kanyana   
Fleas WBB Fleas WBB Fleas WBB Fleas WBB Fleas WBB 
Echidnophaga gallinacea  0  24 0  31 0  23 14 66 0  17 
Leptopsylla segnis  0 24  0 31  0 23  0 66  1 17 
Pulex irritans  1 24  0 31  0 23  0 66  0 17 
Pygiopsylla tunneyi  24 24 1  31 0  23 0  66 1  17 
Xenopsylla v. vexabilis  2 24  0 31  0 23  1 66  0 17 
 
3.3.1.3.vi Pathogenic potential of flea infestations  
Fleas can cause local trauma and irritation to the skin at the sites where they attach and 
heavy flea infestations can lead to significant blood loss from the host (Bowman, 
1999). However, it appears that E. gallinacea infestations of Heirisson Prong P. 
bougainville did not induce an increase in the percentage of polychromatophilic 
erythrocytes compared to other populations (0.40±0.29%, n=10, E. gallinacea affected 
P. bougainville versus 0.54±0.31%, n=49 healthy P. bougainville without flea 
infestations; P=0.184, 2-tailed t-test for unequal variances). Certain individuals can 
become hypersensitive to proteins in flea saliva, and this manifests as an intensely 
pruritic and itchy dermatitis evoked by a disproportionate immune response (Bowman, 
1999), but no clinical evidence of this kind of hypersensitivity reaction was observed 
in flea-affected P. bougainville. Some flea species can transmit bacterial infections 
such as Yersinia pestis and Rickettsia typhi, and viral infections such as rabbit 
myxomatosis virus and yet others can act as intermediate hosts of other parasitic 
 140organisms (for example: Dipylidium caninum) (Bowman, 1999). With their often 
fastidious host specificity and feeding habits, certain flea species have been exploited 
in Australia to transmit animal viruses between vertebrate hosts. For example, 
Xenopsylla cunicularis Smit 1957, was introduced to Australia and released in 1991 to 
help transmit myxomatosis and rabbit calicivirus among European rabbits in arid 
environments (Cooke, 1995). 
 
Fleas may play a role in the transmission of diseases between P. bougainville. Their 
feeding on blood requires penetration of the host’s skin with their mouthparts, 
therefore, the potential exists for fleas to mechanically transmit viruses including 
bandicoot papillomatosis carcinomatosis virus type 1 between individual animals. 
They could also be vectors for Coxiella burnetii and rickettsias which have been 
detected in ticks parasitic on P. bougainville from Bernier and Dorre Islands. As with 
ticks, the role of fleas in the mechanical transmission of bandicoot papillomatosis 
carcinomatosis virus may be epidemiologically negligible, but further studies are 
certainly indicated.   
 
3.3.1.3.vii Therapeutic options for treating and preventing fleas 
Prevention and control of flea infestations in wild populations is not practical. In more 
intensively managed colonies, commercially available medications are available to 
control flea burdens. Baker and Beveridge (2001) published a study that demonstrated 
the safe and effective use of topical imidacloprid (an insecticide) at approximately 11 
mg/kg in Perameles gunnii. This regime is likely to be similarly effective in P. 
bougainville, but only practicable in intensively managed captive populations. Those 
individuals forming part of a translocation program may also benefit from the topical 
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minimize the number of fleas translocated to the new location.  
 
3.3.2 Endoparasites 
3.3.2.1 Nematodes 
3.3.2.1.i Labiobulura inglisi Mawson, 1960 (Spirurina: Subuluridae)  
Labiobulura inglisi was the nematode most commonly found during necropsy 
examinations of P. bougainville. It is found in the caecum and colon and may be easily 
seen by the naked eye. These worms somewhat resemble ingested hair which is also 
common in the gut contents of western barred bandicoots. Since the literature records 
of this parasite in P. bougainville were obtained from only one poorly preserved 
specimen, careful measurements of 10 male and 10 female La. inglisi were made using 
an ocular micrometer. The data are presented as the mean, followed by the observed 
range in parentheses. 
 
Males: Length 11.92 mm (9.27 – 13.66 mm); width 295 μm (232 – 320 μm); length of 
oesophagus 995 μm (940 – 1100 μm); distance from anterior extremity to nerve ring 
(n=8) 359 μm (345 – 369 μm); distance from anterior extremity to excretory pore 
(n=3) 583 μm (502 – 655 μm); anterior extremity to dierids (n=1) 429 μm; length of 
spicules 1.55 mm (1.38 – 1.87 mm); length of gubernaculum 119.5 μm (115 – 120 
μm). 
 
Females: Length 14.51 mm (8.41 – 18.54 mm); width 337 μm (222 – 419 μm); length 
of oesophagus 1180 μm (980 – 1290 μm); distance from anterior extremity to nerve 
ring (n=2) 321 μm (296 – 345 μm); distance from anterior extremity to excretory pore 
 142(n=2) 572 μm (567 – 576 μm); distance from anterior end to vulva 5.82 mm (3.78 – 
7.27 mm); distance from anterior end to vulva as a percentage of total length 40.1% 
(39.2 – 44.9%); eggs 60.7 × 49.2 μm (50 – 72 × 38 – 60 μm). 
 
The morphological descriptions given by Mawson (1960) accord with the observations 
made during this study. 
 
There was great variation in the La. inglisi burdens present in the caecum and colon of 
the P. bougainville examined at necropsy. Most animals had a low worm count of 
between 1 and 5 La. inglisi. Only one animal had a particularly heavy infection of 
more than 50 worms, but this was not reflected in the number of faecal eggs counted or 
by any clinical signs (Fig. 3.3). 
 
3.3.2.1.ii Linstowinema inglisi (Chabaud, Seureau, Beveridge, Bain & Durette-Desset, 
1980) (Spirurina: Seuratidae) 
Li. inglisi was found within the stomach of P. bougainville, but it was a relatively rare 
infection, with only 2 specimens recovered from the examination of 29 P. bougainville 
gastrointestinal tracts. This species was originally named Echinonema cinctum but was 
later re-named Echinonema inglisi by Chabaud et al., (1980). Its current taxonomy was 
set after Smales (1997) renamed the genus Linstowinema, since Echinonema had been 
previously used as a genus name for sponges. Li. inglisi has been described from the 
small intestine of Isoodon obesulus from many localities in south west Western 
Australia. 
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Figure 3.3 Labiobulura inglisi was the most common nematode parasitic infection of 
Perameles bougainville. (A) Most had mild Labiobulura inglisi infections (1-5 worms) 
but 1 Perameles bougainville had a heavy infection (>50 worms) in the caecum and 
colon. All the L. inglisi in this bottle were collected from that 1 heavily infected 
individual. (B) Appearance of a typical L. inglisi egg prepared by faecal flotation. (C) 
Line-drawing of the coiled male tail of L. inglisi showing fine spicules, short 
gubernaculum, lateral alae and tail ornamentation. (D) Scanning electron micrograph 
of the coiled and ornamented male tail of L. inglisi. 
 
The literature gives no indication regarding the likely pathogenicity of this parasite and 
no clinical consequences of the presence of this parasite were observed during this 
study. Interestingly, the specimens of Li. inglisi collected from P. bougainville during 
this study were both taken from the stomach, rather than the small intestine. This is 
most likely due to post-mortem migration of these parasites into the stomach. This is 
the first report of Li. inglisi in P. bougainville.  
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parasitic in the small intestine of P. bougainville (Smales, 1997) was not observed 
during this study. 
 
3.3.2.1.iii Asymmetracantha tasmaniensis Mawson, 1960 (Rhabditina: 
Mackerrastrongylidae)  
This trichostrongyle is found in the small intestine of bandicoots including Isoodon 
obesulus, Perameles nasuta and now also P. bougainville. It was originally described 
by Mawson (1960) from I. obesulus in Tasmania and P. nasuta in Queensland. Its 
most distinctive feature is the ventral cephalic inflation in the form of a ‘hook’ or ‘lip’. 
This also appears to be a relatively rare parasitic infection of P. bougainville, with only 
2 specimens recovered from a single animal, out of 29 P. bougainville gastrointestinal 
tracts examined. It was not possible to ascribe any clinically significant pathogenic 
effects to its presence, however the individual from which these worms were recovered 
was severely unwell (Case Report B). This was the first documented case of A. 
tasmaniensis in P. bougainville. 
 
3.3.2.1.iv Peramelistrongylus skedastos Mawson, 1960 (Rhabditina: 
Trichostrongylidae) 
Peramelistrongylus skedastos (Form C) was identified from the small intestine of a P. 
bougainville. Mawson (1960) identified three forms of this parasite, A, B and C. Forms 
A and B were found in Queensland, while form C was found in other States including 
Tasmania, Victoria and South Australia – and now also Western Australia. Mawson 
(1960) reported that this species was most commonly found in the stomachs of I. 
macrourus (recorded as I. obesulus), P. nasuta and P. gunnii, but one specimen was 
 145recovered from the ileum. P. skedastos appears to be a rare inhabitant of the 
gastrointestinal tract of P. bougainville and its presence seems to be clinically silent. 
This is the first documented case of P. skedastos in P. bougainville and, to my 
knowledge, in Western Australia. 
 
3.3.2.1.v Parastrongyloides sp. (Tylenchia: Strongyloididae) 
Mackerras (1959a) described two new species of Parastrongyloides in Australian 
marsupials: P. trichosuri found in the small intestine of Trichosurus vulpecula and P. 
peramelis from the small intestines of the bandicoot species Isoodon macrourus 
(recorded as Thylacis obesulus) and Perameles nasuta from Queensland. It was noted 
that P. peramelis infection commonly occurred concurrently with Strongyloides 
thylacis infection, and that of 31 bandicoot faecal samples tested by a modified 
Baermann technique, rhabditiform larvae were observed in 30 cases. However, the 
parasitic adult worms are very small and painstaking examination of mucosal scrapings 
is required to collect them. Mawson (1960) described Parastrongyloides australis in I. 
obesulus from South Australia, Victoria and Tasmania and P. gunnii from Tasmania. A 
Parastrongyloides sp. has been found in the small intestine of P. bougainville, but the 
few specimens recovered to date have not been amenable to definitive speciation. 
Perhaps in the future, faecal specimens from P. bougainville could be examined using 
the modified Baermann technique to demonstrate rhabditiform larvae and observe the 
development of parasitic and free-living larval stages. This is the first report of 
Parastrongyloides sp. parasitic in P. bougainville. 
 
 1463.3.2.1.vi Capillaria sp. (Trichinellida: Capillariidae) 
Capillaria sp. eggs were commonly detected in faecal flotation preparations from P. 
bougainville, but the adult worms were more elusive. Low numbers (1-2) of Capillaria 
sp. adults were recovered from the small intestine of 2 P. bougainville. Mawson (1960) 
reported Capillaria sp. in I. obesulus and P. gunnii from Tasmania and Mackerras et 
al. (1953) mentioned the presence of Capillaria sp. in the oesophagus of I. macrourus 
(recorded as I. obesulus). Adult Capillaria sp. have been detected in the epidermis and 
adnexae of P. nasuta near Sydney (Lyne and Sommerville, 1965). The pathogenic 
potential of this parasite in P. bougainville is unclear. It is possible that the apparently 
paradoxical low number of adult worms detected in the gastrointestinal tract and 
relatively abundant Capillaria sp. eggs in faeces could be explained by adults 
occurring in non-enteric anatomic locations. Certainly the grooming behaviour of P. 
bougainville would facilitate the transportation of Capillaria sp. eggs from the skin 
surface to the gastrointestinal tract. However, no Capillaria sp. worms were detected 
in histological sections of any anatomical location in P. bougainville. This is the first 
report of Capillaria sp. in P. bougainville. 
 
It is suspected that the high prevalence of Trichuris sp. eggs (22.9%) recorded by 
Adams (2003) for P. bougainville from Peron Captive Breeding Centre were actually 
Capillaria sp. eggs: the differences in egg morphology between Capillaria sp. and 
Trichuris sp. can be subtle. No Trichuris sp. adult worms were recovered during 
necropsies of P. bougainville. Alternatively, Adams (2003) might have correctly 
recorded Trichuris sp. eggs, but these may have really been from the house mice that 
occurred in almost plague proportions at Peron. 
 1473.3.2.1.vii Onchocercidae 
Despite careful examination of 111 blood smears from healthy and unhealthy P. 
bougainville, no microfilariae were observed. This was a somewhat unexpected result 
given the reported occurrence of microfilariae in other bandicoot species blood smears. 
Microfilariae of Cercopithifilaria johnstoni have been observed in samples from P. 
gunnii, P. nasuta, I. obesulus and I. macrourus. I. macrourus can also be infected with 
the microfilariae of Cercopithifilaria pearsoni and Breinlia mackerrasae (Clark, 
2004). Perhaps the requisite intermediate host is lacking in Western Australia to allow 
the complete lifecycle of these filariid nematodes. Alternatively, the prevalence of the 
infection or burden of microfilariae in the circulation may be below the limit of 
detection using blood smear screening methodologies. Future studies could use a 
concentration technique (such as a modified Knott’s technique) on blood samples from 
P. bougainville to improve the sensitivity of screening tests for microfilariae. 
 
3.3.2.1.viii Prevention and treatment of nematode infections 
To manage and control a nematode infection, the lifecycle of the nematode species 
must be understood. For nematodes with a direct lifecycle, simple hygiene measures 
are most important. Control of paratenic or intermediate hosts are important for 
nematodes that make use of such a lifecycle. 
 
Ivermectin (a macrocyclic lactone) has been administered by subcutaneous injection in 
P. bougainville at a dose of 0.2 mg/kg (R. Haight and N. Noakes, personal 
communication, 2007). Topical preparations of ivermectin have the potential to be of 
great benefit in treating certain ectoparasite and nematode infections in P. bougainville 
effectively and as non-invasively as possible. Such a treatment could be implemented 
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protocols for animals in intensive captive breeding facilities. 
 
There are numerous anthelminthics available that can be used to treat nematode 
infections, but since macrocyclic lactones have been used safely and effectively in P. 
bougainville and there is little prospect of anthelminthic resistance developing soon in 
the target nematode species, there is no pressing reason to use other classes of drugs to 
treat these nematode infections.  
 
3.3.2.2 Protists 
3.3.2.2.i Eimeria kanyana 
Coccidian oocysts consistent with a species of Eimeria were detected in many faecal 
samples from P. bougainville. This presumed new Eimeria species was formally 
described, following the guidelines established by Duszynski and Wilber (1997).    
 
Measurements are given in micrometers as the mean of 52 observations ± the standard 
deviation with the observed range given in parentheses. 
 
Sporulated oocysts are slightly subspheroidal, with a trilaminate oocyst wall that is 1.0 
± 0.1 (0.7-1.3) thick. The outermost half of the wall is smooth and yellow, encircling a 
middle brown layer and an inner black layer. Oocysts contain four ovoid sporocysts 
and a small granular refractile polar granule. Oocyst length, 18.8 ± 1.0 (16.9-21.0); 
oocyst width, 17.9 ± 1.0 (16.0-19.9); oocyst L/W ratio, 1.05 ± 0.04 (1.00-1.15). A 
micropyle and oocyst residuum are absent. Sporocysts have a Stieda body and contain 
two comma-shaped sporozoites. Sporocyst length, 9.1 ± 0.5 (8.1-10.8); sporocyst 
 149width, 7.0 ± 0.6 (6.1-8.6); sporocyst L/W ratio, 1.32 ± 0.10 (1.04-1.51). Parastieda and 
substieda bodies are absent. Each sporozoite contains two spheroidal refractile bodies, 
and a granular cluster of sporocyst residuum exists between and around the sporozoites 
(Fig. 3.4, 3.5). 
 
Type host: Perameles bougainville Quoy and Gaimard, 1824, western barred 
bandicoot. 
Type locality: Kanyana Wildlife Rehabilitation Centre, Gooseberry Hill, Western 
Australia (31°57’S, 116°03’E). 
Prevalence: Kanyana Wildlife Rehabilitation Centre, 5/9 (55%); Dryandra Woodland 
(32°46’S, 116°58’E), 1/1 (100%); Dorre Island, 1/3 (33%); Heirisson Prong, 3/4 
(75%); All localities, 10/17 (59%). 
Sporulation time: 2-5 days at 25 °C in 2% potassium dichromate (w/v) (Fig. 3.6) 
Site of infection: Unknown; small intestine suspected. 
Prepatent and patent periods: Unknown. 
Material deposited: Photohapantotypes, comprising a series of three 
photomicrographs of sporulated oocysts, and one haematoxylin and eosin stained 
histology slide of infected duodenum are deposited in the U.S. National Parasite 
Collection, Beltsville, Maryland, USNPC Nos. 097437.00 and 097438.00, and the 
Australian Registry of Wildlife Health, Taronga Zoo, Mosman, NSW, Australia, 
ARWH No. 5055.1.   
Etymology: The nomen triviale acknowledges Kanyana Wildlife Rehabilitation Centre 
(Inc.). Kanyana means “gathering place” or “place of the waters” in an Australian 
aboriginal language. 
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Figure 3.4 removed from this version. 
 
 
 
 
 
 
Figure 3.4 Eimeria kanyana was the first Eimeria species to be formally described 
from any peramelemorph host. (A) Triptych of Nomarski interference contrast 
photomicrographs of Eimeria kanyana sporulated oocysts from Perameles 
bougainville in Western Australia. Bar = 10 µm. 1. Refractile body (▼); polar granule 
(◄); sporocyst residuum (arrow). 2. Refractile body (▲); smooth, trilaminate oocyst 
wall (arrow). 3. Sporocyst residuum (▲); Stieda body (◄); polar granule (arrow). 
Bennett et al. (2006) J. Parasitol. 92:1292-1294. 
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Figure 3.5 removed from this version. 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Composite line drawing of an idealized representative Eimeria kanyana 
sporulated oocyst. Bar = 10 µm. Courtesy of R. Hobbs. Bennett et al. (2006) J. 
Parasitol. 92:1292-1294. 
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Figure 3.6 removed from this version. 
 
Figure 3.6 Graph illustrating the percentage of unsporulated ( ), sporulated ( ) and 
degenerate (□) oocysts of Eimeria kanyana over two weeks. Most E. kanyana oocysts 
underwent sporulation within 2-5 days in 2.5% potassium dichromate solution at room 
temperature. Bennett et al. (2006) J. Parasitol. 92:1292-1294. 
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the order Peramelemorphia. Marsupials in which Eimeria spp. have previously been 
formally described include the diprotodont families Vombatidae, Phalangeridae, 
Potoroidae, and Macropodidae, and the American marsupial family Didelphidae 
(Duszynski et al., 2000). 
 
Undescribed Eimeria spp. have previously been reported in two bandicoot species, the 
eastern barred bandicoot, P. gunnii, (Obendorf and Munday, 1990) and the northern 
brown bandicoot, Isoodon macrourus (recorded as I. obesulus), (Mackerras, 1958; 
Mackerras and Mackerras, 1960). 
 
Analysis of faeces from a recently deceased, severely emaciated adult female P. 
bougainville revealed innumerable unsporulated, subspheroidal, smooth-walled faecal 
oocysts measuring approximately 23 × 25 μm. Histopathology of duodenal tissue from 
this individual demonstrated abundant coccidian lifecycle stages including macro- and 
microgametocytes and numerous microabscesses in the duodenal mucosa and lamina 
propria. Although the coccidian lifecycle stages identified by histopathology of the 
duodenum cannot be definitively attributed to E. kanyana, this remains the most likely 
possibility. This bandicoot was concomitantly infected with a marsupial genotype of 
Cryptosporidium sp. (C. Wielinga, personal communication, 2006), the nematodes 
Labiobulura inglisi found in the caecum and Asymmetracantha tasmaniensis recovered 
from the small intestine, and an unidentifiable nematode fragment was amongst the 
stomach contents (Case Report B). The histological and coprological evidence of 
enteric coccidiosis in this particular bandicoot was consistent with severe Eimeria 
kanyana infection, however, in otherwise healthy individuals, this coccidian parasite is 
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and unidentified coccidian oocysts consistent with Eimeria sp. infection can be found 
in every colony of P. bougainville examined in this study, but only in the one case 
described above has the infection been severe. 
 
Eimeria kanyana oocyst shedding in 1 P. bougainville fluctuated widely over a 1 week 
interval with 139, 69, 56 and 21 oocysts per gram of wet faecal matter detected at 2 
day intervals. Therefore, the number of oocysts visualized in a particular sample of 
faeces from P. bougainville can at best give a semi-quantitative estimation of the level 
of infection. 
 
Treatment of severe individual cases of Eimeria sp. infection is generally limited to 
supportive therapy, because specific antiprotozoal drugs are of little use in such cases 
(Bowman, 1999). Prevention of severe cases of this infection involves good hygiene of 
the enclosures or maintaining low stocking densities. Oocyst sporulation is promoted 
by moist conditions, so reducing moisture in areas with host faecal contamination is 
important. Intensively managed animal industries (e.g. poultry, feedlot cattle) routinely 
mix antiprotozoal drugs into feed to control enteric coccidiosis (Bowman, 1999). To 
my knowledge, no antiprotozoal drugs have been tried in P. bougainville, so any 
attempt to do so should be approached cautiously. There should be no need to use 
prophylactic medication for control of Eimeria sp. in P. bougainville, as long as the 
individual’s immune system is functional and proper hygiene measures are undertaken.   
 
 1553.3.2.2.ii Klossiella quimrensis 
Six of 20 (30%) P. bougainville kidneys examined histologically were found to be 
positive for renal coccidiosis. Whenever multiple slides were produced from the same 
infected kidney, it is noteworthy that each slide did not always include K. quimrensis 
life cycle stages. Only 1 sporocyst was detected by microscopic examination of urine 
collected by cystocentesis. This unsporulated urinary sporocyst was ellipsoidal (17 × 
11 μm), with a rough, dark outer sporocyst wall and a micropyle at the more acutely 
tapered pole. 
 
The description below follows the example of Gardiner et al. (1998) for the 
nomenclature of Klossiella sp. tissue stages. Parasitophorous vacuoles containing K. 
quimrensis life cycle stages are detectable within renal epithelial cells located near the 
corticomedullary junction (Fig. 3.5). Round to oval basophilic macrogametes, 5.5 μm 
in diameter, are contained within a round to irregular eosinophilic parasitophorous 
vacuole up to 23 μm in diameter. Microgametes were not identified in any renal tissue 
sections examined. Sporonts are round to ovoid, approximately 25 μm in diameter, 
amphophilic to basophilic, and dotted circumferentially with 12-16 deeply basophilic 
nuclei. These nuclei bud from the sporont, producing ovoid sporoblasts (5 × 7.5 μm) 
arranged around a residual body of amorphous cytoplasm. Mature sporoblasts are 
amphophilic ovoid structures (7.5 × 10 μm) with multiple dotted basophilic nuclei. The 
number of mature sporoblasts found within individual parasitophorous vacuoles ranged 
from 7 to 24. 
 
Klossiella quimrensis life cycle stages contained within parasitophorous vacuoles were 
not associated with any adjacent host inflammatory response (Fig. 3.7). However, 
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lymphohistiocytic nephritis. 
 
Haematoxylin and eosin stained renal tissue slides demonstrating klossiellosis in P. 
bougainville were deposited with the Australian Registry of Wildlife Health, Taronga 
Zoo, Mosman, NSW, Australia, ARWH No. 5055.2. 
 
Figure 3.7 removed from this version. 
 
 
 
Figure 3.7 Photomicrographs of Klossiella quimrensis life cycle stages in renal tissue 
from Perameles bougainville; haematoxylin and eosin; bar = 15 µm. (A) Early sporont 
demonstrating the circumferential disposition of the nuclei. (B) Macrogametes, an 
early sporont, and a late budding sporont. (C) Free mature sporoblasts. Bennett et al. 
(2007b) J. Parasitol. 93:89-92. 
 
Eleven of the 18 named Klossiella spp. are found in marsupials, 10 of which occur in 
Australian marsupials (Barker et al., 1975; Barker et al., 1984). The 7 remaining 
named species occur in rodents, equids, bats, and the Boa constrictor (Levine, 1988). 
An unnamed Klossiella sp. has been reported in primates (Schoeb, 1984) and another 
in an owl (Helmboldt, 1967). 
 
Observations of Klossiella sp. in western barred bandicoots are closely comparable to 
the description given by Barker et al. (1975) for K. quimrensis in P. gunnii and I. 
 157obesulus. (Table 3.3). Perameles bougainville once occurred across much of arid 
southern mainland Australia prior to the recent severe decline in its range. P. 
bougainville may formerly have been sympatric with I. obesulus in New South Wales, 
Victoria, South Australia, and Western Australia (Ashby et al., 1990; Friend, 1990; 
Kemper, 1990; Menkhorst and Seebeck, 1990) and fossil evidence suggests they were 
sympatric in southeastern Queensland during the Pleistocene (Price, 2004). The 
similarities in life cycle stage morphology and possible formerly overlapping natural 
range lead to the proposal that K. quimrensis be considered the aetiologic agent of 
renal coccidiosis in P. bougainville. 
 
The complete life cycle of K. quimrensis remains unknown. Most studies investigating 
the life cycle, epidemiology, and pathology of Klossiella spp. have involved K. muris, 
and have been reviewed (Taylor et al., 1979). 
 
There is no reliable ante-mortem test available to diagnose renal coccidiosis in P. 
bougainville. Sporocysts of Klossiella spp. are detected in urine infrequently and may 
be refractory to traditional laboratory concentration methods (Reppas and Collins, 
1995). Therefore, microscopic examination of urine cannot be relied upon to diagnose 
klossiellosis, nor can mild to moderate renal coccidiosis be detected by macroscopic 
inspection of kidneys. Histology of multiple sections of kidney tissue remains the 
‘gold standard’ for definitive diagnosis of klossiellosis (Taylor et al., 1979). 
 
 158Table 3.3 Comparison of Klossiella quimrensis life cycle stages in Perameles 
bougainville from Western Australia and observations by Barker et al. (1975) of 
Klossiella quimrensis from Isoodon obesulus. 
  P. bougainville  I. obesulus* 
Macrogametes (μm diam.)  5.5 7 
Macrogamete parasitophorous vacuoles (μm 
diam.) 
<23 <28 
Sporonts (μm diam.)  25 30 
Number of sporont nuclei  12-16  ND 
Number of sporoblasts  7-24  >20 
Sporoblast dimensions (μm) 5-7.5  × 7.5-10  3-5.5 × 7-11 
Microgametes (μm diam)  ND 1.5 
Urinary sporocyst dimensions (μm) 11  × 17  ND 
* Barker et al. (1975) 
ND = No data. 
 
A clinical case of klossiellosis in P. bougainville is yet to be encountered. All K. 
quimrensis infected kidney sections examined demonstrated mild to focally moderate 
parasite burdens that would not, of themselves, severely compromise renal function. 
There was no inflammatory response directly associated with intracellular life cycle 
stages of K. quimrensis in P. bougainville; however mild multifocal chronic interstitial 
lymphohistiocytic nephritis was evident in the infected kidneys. Klossiellosis is 
considered to be an incidental finding in P. bougainville.  
 
 1593.3.2.2.iii Cryptosporidium sp. 
Faeces taken at necropsy from a moribund adult female P. bougainville that died 
during recovery from anaesthesia showed positive PCR results for a novel genotype of 
Cryptosporidium sp. most closely related phylogenetically to an isolate of 
Cryptosporidium sp. from a koala (Phascolarctos cinereus). The sequence data 
obtained from this isolate were deposited in GenBank under accession numbers 
DQ403161 and DQ403162 for the partial (236 bp) actin gene sequence and partial 
(562 bp) 18S ribosomal RNA gene sequence respectively (Weilinga et al., 
unpublished, 2006).  
 
This same P. bougainville individual had innumerable unsporulated coccidian oocysts 
consistent with the size and shape of Eimeria kanyana in the faecal flotation test 
performed, and a concurrent heavy burden of Labiobulura inglisi in the caecum and 
large intestine as well as Asymmetracantha tasmaniensis recovered from the small 
intestine (Case Report B).  
 
Despite nested PCR screening using the 18S ribosomal RNA gene primer pair 
(courtesy of Josephine Ng) of 22 P. bougainville faecal samples taken from Dorre 
Island, Bernier Island, Dryandra and Kanyana Wildlife Rehabilitation Centre, no more 
Cryptosporidium sp. positive cases were detected. 
 
Cryptosporidium species are coccidian parasites of a wide range of vertebrate hosts 
including one report from Isoodon obesulus (O’Donoghue, 1995) that replicate in 
parasitophorous vacuoles within epithelial cells of the intestine most commonly, but 
sometimes the kidney, gall bladder and lungs (Bowman, 1999; O’Donoghue, 1995). 
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affected animals shed oocysts in the faeces (O’Donoghue, 1995; Bowman, 1999). 
Cysts remain viable for months in the environment unless exposed to extreme 
conditions (freezing, dessication, temperatures above 65 °C) or concentrated 
disinfectants (Bowman, 1999). 
 
A compromised immune system can allow an exponential increase in parasite burden 
through unchecked autoinfection (Bowman, 1999). Severe cryptosporidiosis has been 
documented in human AIDS patients, and associated with feline leukaemia virus–
induced immunosuppression in cats; and Arabian foals with severe combined 
immunodeficiency (Bowman, 1999).  However, most commonly, Cryptosporidium sp. 
infections in mammals, birds, reptiles and fish are clinically inapparent (Bowman, 
1999). There is no specific treatment available for Cryptosporidium sp. infection, 
however dimetridazole has been used to treat bilbies (Macrotis lagotis) with C. muris 
in their faecal samples with encouraging results (Warren et al., 2003). 
 
There is strong evidence to suggest that the P. bougainville from which the novel 
Cryptosporidium sp. genotype was isolated was severely unwell. This individual had a 
severe mixed infection of at least 4 species of parasites, was anaemic (HCT = 0.26) 
with low haemoglobin concentration (91 g/L) little polychromasia (0.5%) and had very 
low body weight (160 g). Furthermore, despite severe mixed parasitism, there was 
eosinopenia (0%) with a leukocyte concentration at the lowest extreme of the reference 
interval (2.9 × 10
9/L). Despite severe parasitism with species from two genera of 
classically diarrhoeagenic coccidia, and at least two nematode species, remarkably, this 
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or at necropsy (Case Report B). 
 
3.3.2.2.iv Toxoplasma gondii 
In 1999, 11 P. bougainville kept at Kanyana Wildlife Rehabilitation Centre were 
reported to have died due to toxoplasmosis (Butcher, 2007). This infection may have 
originated from minced meat in their diet used as a transporter for supplementary 
multivitamins and calcium (Butcher, 2007). Kanyana now routinely freezes all meat 
for a minimum of 3 days before using it to feed animals in an effort to eliminate the 
threat of toxoplasmosis (Butcher, 2007). It appears, therefore, that P. bougainville are 
susceptible to infection by Toxoplasma gondii. This is unsurprising given that T. 
gondii infection has been reported in all the extant Australian peramelid species, 
except Isoodon auratus (Appendix 6.3.5).  
 
The results of experimental infection of 2 eastern barred bandicoots, Perameles gunnii, 
was reported by Bettiol et al. (2000). They found that the bandicoots died 15-17 days 
post oral infection with ~100 T. gondii oocysts; an earlier experimental infection 
protocol using ~10 oocysts did not produce infections in P. gunnii. Grossly there was 
patchy consolidation, congestion and oedema of the lungs, serosal petechiae on the 
stomach and small intestine with mesenteric oedema and mesenteric 
lymphadenomegaly, splenomegaly and hepatomegaly. Microscopically, there was 
acute interstitial pneumonia, multifocal lymphocytic and histiocytic myocarditis with 
myonecrosis and numerous intralesional tachyzoites and tissue cysts. There was 
multifocal hepatic necrosis with intralesional tachyzoites and multifocal lymphoid 
necrosis in the spleen and lymph nodes also with intralesional tachyzoites. Necrotic 
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skeletal muscles, pancreas, and smooth muscle and submucosal layers of the small 
intestine. There was no detectable serological response in either of these 
experimentally infected animals, almost certainly due to the rapid course of the 
disease. The authors concluded that infection with ~100 oocysts of the T. gondii strain 
used in their experiment was extremely pathogenic to P. gunnii and caused a severe 
and multisystemic disease that was rapidly fatal. Indeed, marsupials generally are 
considered to be particularly vulnerable to T. gondii infections (Obendorf et al., 1996; 
Miller et al., 2000; Basso et al., 2007).  
 
Meat infected with T. gondii bradyzoites is a likely source of this parasite for 
marsupial carnivores and omnivores, and infected cat faeces or food and bedding 
materials contaminated with infected cat faeces are also possible sources of T. gondii 
(Bowman, 1999). Therefore, managers of captive populations of P. bougainville 
should make certain that the bandicoots are never exposed to T. gondii through either 
of these well established avenues. Prevention is far better than cure, but in clinical 
cases of toxoplasmosis, the treatment of choice is clindamycin (Bowman, 1999). 
Clindamycin has been recommended for use in P. bougainville at a dose rate of 2.5 mg 
orally, twice daily (N. Noakes, personal communication, 2007). 
 
3.3.2.2.v Giardia sp. 
No Giardia sp. trophozoites or oocysts were identified by microscopic examination of 
faeces from P. bougainville. Using a nested PCR technique (courtesy of Josephine Ng) 
on DNA extracts from 22 P. bougainville faecal samples, no Giardia sp. DNA 
sequences were detected. This observation is in agreement with Adams’ (2003) results 
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Breeding Centre. 
 
However, these results are in stark contrast to the findings of Bettiol et al. (1997) from 
marsupials in Tasmania. The estimated prevalence of Giardia sp. in Isoodon obesulus 
and Perameles gunnii as judged by microscopy of faecal samples and antigen detection 
was 62%. Furthermore, Giardia duodenalis cysts obtained from a human case of 
giardiasis were able to productively infect a single P. gunnii in an experimental setting, 
without inducing clinical signs. Clearly, it is possible for P. gunnii in Tasmania to act 
as a reservoir species for this parasitic zoonosis. It is known that bandicoots in Western 
Australia can harbour Giardia sp. because a novel genotype of Giardia sp. was 
isolated from Isoodon obesulus in Western Australia (Adams et al., 2004). Continued 
surveillance by PCR of P. bougainville faecal samples for Giardia sp. is warranted. 
 
3.3.2.2.vi Haemoparasites 
Despite careful screening of 111 Wright’s Giemsa stained blood smears from both 
healthy and unhealthy P. bougainville from Bernier Island, Dorre Island, Dryandra, 
Kanyana Wildlife Rehabilitation Centre and Heirisson Prong, no haemoparasites were 
detected. This is curious because other Australian bandicoot species have been 
reported with several genera of protist haemoparasites (Appendix 6.3.5). A 
haematological study of I. obesulus from metropolitan Perth showed that Hepatozoon 
sp. infection was rather commonplace with a prevalence of 48% estimated by light 
microscopy of blood smears and a prevalence of 58% estimated by PCR of blood 
samples (Wicks et al., 2006). 
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Western barred bandicoots were parasitized by the ticks Haemaphysalis humerosa, H. 
ratti and H. lagostrophi. These ticks appear to cause mild blood loss, but more 
significantly, may be vectors of Coxiella burnetti and Rickettsia sp. on Bernier and 
Dorre Islands. P. bougainville were also parasitized by the chiggers of Schoutedenichia 
emphyla at Dryandra, which often induced a local pustular dermatitis at the sparsely 
haired predilection sites of the inguinal and aural skin. The fleas Pygiopsylla tunneyi 
and Xenopsylla vexabilis vexabilis were found on P. bougainville from their natural 
range and in some captive colonies, while Echidnophaga gallinacea was found only at 
Heirisson Prong. The fleas, Pulex irritans and Leptopsylla segnis were not 
convincingly associated with P. bougainville in this study, with each species being 
recovered only once. The fur mite, Austrochirus dorreensis, was not detected, nor were 
any haemoparasitic organisms or Giardia sp. trophozoites, cysts or DNA. 
 
A novel genotype of Cryptosporidium sp., most similar to an isolate collected from a 
koala was detected in P. bougainville using molecular biology techniques. Klossiella 
quimrensis was detected in renal tissue sections and a new species of Eimeria formally 
described and named from sporulated oocysts from P. bougainville faeces. 
 
The nematode worms Labiobulura inglisi, Linstowinema inglisi, Asymmetracantha 
tasmaniensis, Peramelistrongylus skedastos (Form C), Parastrongyloides sp. and 
Capillaria sp. were recovered from the gastrointestinal system of P. bougainville, 
confirming their occurrence in this host. 
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exception of Toxoplasma gondii. Only one individual had a severe mixed parasite 
burden and no evidence of a robust immune response. This individual died during 
recovery from anaesthesia and was the only individual to test positive for 
Cryptosporidium sp. by PCR of faeces. Although one might interpret these data and 
conclude that Cryptosporidium sp. infection is severely pathogenic in P. bougainville, 
an alternative interpretation is that this individual with a heavy mixed parasite burden 
(including an opportunistic Cryptosporidium sp. infection) was unwell for other, as yet 
unidentified reasons (Case Report B). 
 
Captive breeding programs for P. bougainville should include monitoring of parasites 
as part of routine husbandry procedures. A full clinical health assessment including 
screening for parasites should be performed on individuals scheduled for 
translocations. Sick individuals should have their faeces assessed for signs of internal 
parasitism because it seems that Cryptosporidium sp. and extremely high levels of 
enteric coccidian oocysts can be associated with an increased risk of mortality (Case 
Report B). 
 
These studies have identified many parasitic organisms not previously known to infect 
P. bougainville, however, identification is merely the first step. A general qualitative 
estimation of the significance of these parasitic infections has been gleaned, but 
definitive understanding of their impact on the ecology of P. bougainville in captive 
and natural populations is not yet known. Certainly, the data presented in this chapter 
provide a foundation upon which future studies can build. 
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Bandicoot papillomatosis carcinomatosis virus type 1 
 
4.1 Introduction 
4.1.1 Western barred bandicoot papillomatosis and carcinomatosis syndrome 
The lesions of the western barred bandicoot papillomatosis and carcinomatosis 
syndrome were first detected at Kanyana Wildlife Rehabilitation Centre in April 1999 
(Butcher, 2007). Interestingly, a western barred bandicoot with a dermatological 
condition recorded as ‘moist dermatitis’ was found at the Peron Captive Breeding 
Centre in September 1998, which, in retrospect, may have been the first case of the 
papillomatosis and carcinomatosis syndrome detected there (Noakes, 2007). The 
typical lesions of this syndrome have since been detected on many Perameles 
bougainville kept at Kanyana Wildlife Rehabilitation Centre, Peron Captive Breeding 
Centre, Dryandra Woodland and Bernier Island (Woolford et al., 2008). Four 
preserved specimens collected from Bernier Island in 1982 and 1987 had lesions 
consistent with the papillomatosis and carcinomatosis syndrome (Hill, 2005), 
indicating that western barred bandicoot papillomatosis and carcinomatosis syndrome 
has existed for at least the last 26 years. 
 
The early lesions of the western barred bandicoot papillomatosis and carcinomatosis 
syndrome are clinically and histologically similar to papillomas in humans and other 
vertebrates (Woolford et al., 2008). Only when these early papillomas occur on the 
paws, eyelids or lips and mouth do they directly affect the animals’ health and welfare, 
however over time, papillomatous lesions may enlarge and become abraded and 
 167secondarily infected (O’Hara et al., 2004; Woolford et al., 2008). These lesions are 
also capable of transforming from histologically and clinically benign hyperplastic 
lesions to carcinomas in situ, and further to malignant squamous cell carcinomas 
(O’Hara et al., 2004; Woolford et al., 2008). These squamous cell carcinomas can be 
locally invasive and ulcerative and secondary bacterial infections are commonplace 
(Woolford et al., 2008). Three out of 28 P. bougainville with advanced and invasive 
squamous cell carcinomas had metastases in draining lymph nodes and the lungs 
(Woolford et al., 2008). 
 
4.1.2 Establishing the aetiology of the western barred bandicoot papillomatosis and 
carcinomatosis syndrome 
Papillomatous cutaneous and muco-cutaneous lesions in animals are frequently 
associated with papillomaviruses (Nicholls, 1999), though similar proliferative 
epidermal, adnexal and mucosal lesions have be associated with other DNA viruses 
such as polyomaviruses (Foster et al., 2002), poxviruses (Papadimitriou and Ashman, 
1972; McKenzie et al., 1979) and herpesviruses (Johne et al., 2002). Intranuclear 
crystalline arrays of non-enveloped virions ~45 nm in diameter had been identified 
within conjunctival lesions from P. bougainville (O’Hara et al., 2004). Based on 
capsid size, icosahedral morphology and lack of an envelope, a potentially novel 
member of the Papillomaviridae or Polyomaviridae was initially suspected (O’Hara et 
al., 2004). 
 
There are several animal and human papillomaviruses (PVs) and polyomaviruses 
(PyVs) that do not normally cause clinical disease and simply exist as part of the host’s 
normal microbiological flora (Astori et al., 1998; Antonsson et al., 2000; Antonsson 
 168and Hansson, 2002; Antonsson et al., 2003; Antonsson and McMillan, 2006; Pèrez-
Losada et al., 2006; Verschoor et al., 2008). So, simply finding a PV or PyV 
associated with a papilloma did not definitively identify the cause of the lesion. Indeed, 
attributing ‘causality’ to neoplastic lesions can be challenging. The interaction between 
the putative carcinogen, host factors such as immune competence and genetics, as well 
as environmental factors such as exposure to radiation and carcinogenic chemicals 
must be considered before a thorough understanding can be attained (Butel, 2000). 
 
For example, the genotype of a PV is one important determinant in its pathogenicity 
(Howley and Lowy, 2007). Certain PV types are associated with benign lesions, others 
with malignancies; some are cutaneotropic, others are mucosotropic (Howley and 
Lowy, 2007). The PV genotype determines which hosts are susceptible and the 
anatomic predilection of the virus (Howley and Lowy, 2007). However, the host 
genotype and immune system are also critical determinants of the pathogenic potential 
of PVs, as has been discussed in Chapter 2. Environmental co-carcinogens such as 
chemicals and UV radiation may also play a role in determining the course of a PV 
infection (Pfister, 2003; Rosales-Castillo et al., 2004).  
 
 1694.1.2.1 Henle-Koch and Hill-Evans postulates 
Classically, a time-honoured set of 4 criteria called the Henle-Koch Postulates was 
used to assess whether a particular disease was caused by a particular agent (Evans, 
1976; Susser, 1991). 
Henle-Koch Postulates 
1. The microorganism must always be found with the disease. 
 
2. The microorganism must be isolated from a diseased organism and grown in pure 
culture. 
 
3. The microorganism must be distributed in accord with the lesions and clinical signs 
of the disease, and therefore must be capable of explaining the clinical signs of the 
disease. 
 
4. The cultured microorganism must produce the disease in susceptible experimental 
hosts. 
(After Susser, 1991) 
 
These criteria assumed that the ‘microorganism’ was both a necessary and sufficient 
cause for a disease, making them inappropriate for multi-causal disease investigations 
(Evans, 1976). However, these postulates remain powerful and authoritative criteria; so 
much so that they were the inspiration for a new set of postulates for identifying 
genetic virulence factors in pathogenic microorganisms using molecular techniques 
(Falkow, 1988). 
 
 170The Hill-Evans Postulates have superceded the Henle-Koch postulates for inferring 
causality, and are more applicable for non-infectious and virological disease 
investigations (Hill, 1965; Evans, 1976; Fox, 1991; Gay, 2005). 
 
Hill-Evans Postulates 
1. The prevalence of the disease should be significantly higher in those exposed to the 
risk factor than those not. 
 
2. Exposure to the risk factor should be more frequent among those with the disease 
than those without. 
 
3. In prospective studies, the incidence of the disease should be higher in those 
exposed to the risk factor than those not. 
 
4. The disease should follow exposure to the risk factor with a normal or log normal 
distribution of incubation periods. 
 
5. A spectrum of host responses along a logical biological gradient from mild to severe 
should follow exposure to the risk factor. 
 
6. A measurable host response should follow exposure to the risk factor in those 
lacking this response before exposure or should increase in those with this response 
before exposure. This response should be infrequent in those not exposed to the risk 
factor. 
 
 1717. In experiments, the disease should occur more frequently in those exposed to the 
risk factor than in controls not exposed. 
 
8. Reduction or elimination of the risk factor should reduce the risk of the disease. 
 
9. Modifying or preventing the host response should decrease or eliminate the disease. 
 
10. All findings should make biological and epidemiological sense. 
(After Gay, 2005) 
 
4.1.2.2 Modern approaches to inferring causality 
Lilienfield and Lilienfield (1980) suggested that in the health sciences, ‘causality’ 
should not only be ascribed to factors that are both necessary and sufficient for an 
effect; rather, a causal relationship should be recognized whenever evidence indicates 
that a factor or factors form part of a complex of circumstances that increases the 
probability of the disease, and that diminution of one or more of these factors 
decreases the frequency of that disease. With this more pragmatic definition of 
“cause”, Susser’s criteria evolved from the Hill-Evans Postulates (Susser, 1986a, b; 
Susser, 1991; Fox, 1991). 
 172Susser’s criteria
 
1. Consistency of the association 
a. Survivability: the association should survive numerous, rigorous and severe tests 
b. Replicability: the association should be proved by numerous and diverse tests  
 
2. Strength of the association (defined by epidemiological statistics) 
 
3. Specificity of the association 
a. Specificity in the cause: where a unique cause leads to the given effect 
b. Specificity in the effect: where a given cause has a unique effect 
 
4. Coherence of the association 
a. Theoretical: the association should comply with current theories 
b. Factual: the association should be consistent with current knowledge 
c. Biologic: the association should be compatible with knowledge of other 
species/types 
d. Statistical: the association should obey a comprehensible model of cause and effect 
e. Temporal: exposure to the alleged cause should precede the effect 
 
5. Predictive performance of the association  
(After Susser, 1991) 
 173Modern investigators, dissatisfied with the limitations of the classical epidemiology-
based approaches, have championed new but as yet poorly defined techniques that 
combine epidemiology, molecular pathology, in vivo experimentation and mechanistic 
studies for inferring causality in neoplasia (Carbone et al., 2004; Cogliano, 2004; 
Mossman et al., 2004). All of these methods were employed in this study. 
 
4.1.2.3 In vitro cell culture 
Viruses are obligate intracellular parasites: they require living cells to complete their 
“lifecycle” and to propagate viruses in laboratory conditions, living cells must be used 
(Murphy et al., 1999). Traditionally, animals or chicken eggs were experimentally 
inoculated with the virus of interest to propagate it (Murphy et al., 1999). These live 
animal or egg systems can produce large quantities of certain viruses, but are subject to 
significant and quite justifiable ethical concerns. An alternate method for producing 
quantities of a particular virus of interest is in vitro cell culture (Murphy et al., 1999).  
 
Papillomaviruses are extremely fastidious: they have a tropism for stratifying 
squamous epithelia and are highly species-specific (Howley and Lowy, 2007). To 
successfully propagate PVs using in vitro cell culture, a stratifying squamous 
epithelium is usually needed (Howley and Lowy, 2007). Recently, certain human 
papillomavirus (HPV) types were successfully propagated in so-called organotypic 
‘raft’ cultures (Meyers et al., 2002; McLaughlin-Drubin et al., 2003; McLaughlin-
Drubin et al., 2004). Raft cultures consist of a dermis-like collagen-containing matrix 
through which nutrient-rich media diffuse to feed fibrocytes, which in turn nourish a 
monolayer of basal keratinocytes. The basal keratinocytes are raised up out of the 
nutrient medium when they attain confluence and this induces the production of a 
 174stratifying squamous epithelium (Lambert et al., 2005; McLaughlin-Drubin and 
Meyers, 2005; Wilson and Laimins, 2005). Another cell culture technique which 
successfully produced authentic HPV virions used a trophoblast cell line (Liu et al., 
2005). 
 
Other laboratory techniques for the laboratory production of PVs have been reviewed 
(Stanley, 1994; Stanley, 2005), and include explant cell culture, xenografting virus-
infected skin into immunodeficient mice (Kreider et al., 1986; Brandsma et al., 1995; 
Bonnez et al., 1998; Brown et al., 1998; Herbst et al., 1998; Lehr and Brown, 2003) 
and genetically modifying the yeast Saccharomyces cerevisiae to produce authentic 
virus particles (Angeletti, 2005). 
 
4.1.2.4 In vivo transmission experiments 
Because P. bougainville is an endangered species, no experimental transmission 
studies using western barred bandicoots were possible. Instead, an immunodeficient 
mouse xenograft model was employed in which lesional and non-lesional skin from P. 
bougainville was engrafted onto experimental nude (athymic) mice. The lack of a 
functional thymus theoretically prevents the mice from rejecting xenografted tissue or 
mounting a cell-mediated immune response (Institute of Laboratory Animal 
Resources, 1989). Such mice must be kept in sterile conditions because without a 
functional cell-mediated adaptive immune system, they are susceptible to many 
infectious diseases - even those caused by microbes considered to be relatively non-
pathogenic (Institute of Laboratory Animal Resources, 1989). These experiments 
attempted to develop a system for growing bandicoot skin, which could then be used to 
evaluate the role of bandicoot papillomatosis carcinomatosis virus type 1 (BPCV1) in 
 175the pathogenesis of the western barred bandicoot papillomatosis and carcinomatosis 
syndrome. 
 
4.1.3 The biology of bandicoot papillomatosis carcinomatosis virus type 1 
4.1.3.1 Environmental shedding and transmission with fomites 
Understanding how BPCV1 can be transmitted from host to host is vitally important to 
determining its role in the aetiopathogenesis of western barred bandicoot 
papillomatosis and carcinomatosis syndrome, and also in determining how it may best 
be controlled. BPCV1 DNA has been detected in western barred bandicoot enclosures 
at Kanyana Wildlife Rehabilitation Centre, on gloves and anaesthetic masks after 
contact with papilloma-affected animals and on the skin lesions of the affected 
bandicoots themselves (F. Armin-Grimm et al., 2007; Woolford et al., 2008). These 
findings indicate that BPCV1 DNA can be found in the environment and that 
transmission by direct contact or contact with contaminated fomites may be possible. 
 
4.1.3.2 In situ hybridization 
In situ hybridization (ISH) is a technique that aims to demonstrate the presence or 
absence of a particular nucleic acid sequence within formalin-fixed, paraffin-
embedded (FFPE) histological sections (Brown, 1998; Wilkinson, 1998). When 
optimized, this technique can define the cellular and sub-cellular distribution of DNA 
and RNA sequences of interest within biopsy specimens (Brown, 1998; Wilkinson, 
1998). 
 
A nucleic acid probe, with a sequence complementary to the sequence of interest is 
generated and labeled. The label may be a radioactive isotope or a non-radioactive 
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placed on the slide, where the nucleic acid of interest anneals to the complementary 
probe (Brown, 1998; Wilkinson, 1998). Unbound probe is subsequently rinsed away 
and bound probe is detected either through radiological techniques or immunological 
assays (Brown, 1998; Wilkinson, 1998). 
 
With DNA ISH probes, the presence or absence of a virus DNA sequence of interest 
within cells can be determined on a cell-by-cell basis. Precise visualisation of the virus 
DNA within the histologic lesion of interest overcomes the problems of contamination 
and unrelated co-infection faced by alternate virus DNA detection techniques.  
 
When RNA probes are used, mRNA transcripts of the virus open reading frames 
(ORFs) can be demonstrated, thus illuminating details about the biology of the virus-
host interaction (Brown, 1998). Not only can the cellular predilection of the virus of 
interest be demonstrated, but the way in which expression of virus transcripts is linked 
with the stage of host cell differentiation can be directly visualized (Nicholls, 1999). 
 
4.1.3.3 ‘Hit-and-run’ viral carcinogenesis 
If virus DNA or RNA is not detectable within dysplastic and neoplastic lesions, it does 
not preclude the possibility that a virus was involved in the transformation process. 
The ‘hit-and-run’ theory of viral carcinogenesis, in which a virus initiates the 
transformation process through a mutagenic mechanism, but disappears without a trace 
(Galloway and McDougall, 1983), has lately fallen out of favour (Butel, 2000). 
However, evidence suggests that the presence of PyV large T antigen (LTag) is not 
required for the maintenance of a transformed cellular phenotype and therefore 
 177malignancies initiated by LTag may indeed act according to the ‘hit-and-run’ model 
(Khalili et al., 2003). BPCV1 encodes putative PyV-like tumour antigens (Woolford et 
al., 2007), so western barred bandicoot papillomatosis and carcinomatosis syndrome 
may be a novel example of ‘hit-and-run’ viral carcinogenesis. 
 
4.1.4 Hepatic intranuclear inclusions 
Unexpectedly, routine histopathology of liver samples from P. bougainville often 
revealed the presence of intranuclear inclusions. Viral inclusion bodies had already 
been found in papillomatous conjunctival tissue from P. bougainville, and some of 
these contained crystalline arrays of ~45 nm non-enveloped icosahedral virions 
(O’Hara et al., 2004). Immunohistochemistry using an anti-bovine papillomavirus 
(BPV) polyclonal primary antibody had also stained these conjunctival inclusion 
bodies positively (Woolford et al., 2008; O’Hara et al., 2004). 
 
While PVs are well known viruses tropic for surface epithelia, this is not true of PyVs, 
which can productively infect multiple cell types (Howley and Lowy, 2007; Imperiale 
and Major, 2007). DNA sequence data showed that BPCV1 was partly akin to both 
Papillomaviridae and Polyomaviridae (Woolford et al., 2007), so the possibility that 
these hepatic intranuclear inclusions may contain BPCV1 virions required 
investigation. 
 
 1784.1.5 Publications 
Elements of the work described in this chapter have been accepted for publication in 
the Journal of General Virology and the Journal of Veterinary Diagnostic 
Investigation. A poster presenting preliminary research demonstrating BPCV1 DNA in 
papillomatous lesions using in situ hybridization was displayed at the North American 
Veterinary Dermatology Forum, Kauai, Hawaii and the 43
rd International Symposium 
on Diseases of Zoo and Wild Animals, Edinburgh, UK. 
 
4.2 Materials and methods 
4.2.1 Cell culture 
All cell culture procedures were carried out under sterile conditions, using sterile 
instruments, in a laminar flow hood, with frequent 70% ethanol surface disinfection. 
 
4.2.1.1 Murine primary fibroblast and keratinocyte cell culture 
Neonatal outbred mice were humanely euthanased using intrahepatic Lethabarb® 
(sodium pentobarbital 200 mg/mL, Virbac Pty. Ltd.) administration (Murdoch 
University Animal Ethics Approval #R1116/05) and washed in sterile phosphate 
buffered saline (PBS) with 1% antibiotics (0.1 mg/mL streptomycin, 100 U/mL 
penicillin, 0.25 µg/mL amphotericin B) added. Primary murine fibroblast explant 
cultures were performed following the protocol outlined by Häkkinen et al. (2002). 
Subsequently, primary murine keratinocyte cell cultures were attempted also following 
the method of Häkkinen et al. (2002). 
 
 1794.2.1.2 Western barred bandicoot primary cell culture 
Exactly the same procedures (Häkkinen et al., 2002) were used during attempted 
primary cell culture of P. bougainville fibroblasts and keratinocytes. The skin samples 
were taken from adult P. bougainville euthanased due to complications arising from 
the western barred bandicoot papillomatosis and carcinomatosis syndrome. Murine 
complete keratinocyte growth medium (CKGM) was used for attempted P. 
bougainville keratinocyte isolation.   
 
4.2.2 Transmission experiments 
4.2.2.1 Grafts and cell suspensions 
A sample of normal (non-papillomatous) P. bougainville skin was collected, under 
isoflurane-induced general anaesthesia, from the aseptically prepared inguinal region 
of an apparently healthy adult western barred bandicoot. Another adult western barred 
bandicoot was anaesthetised using isoflurane delivered by mask and several wart 
lesions were aseptically prepared and surgically removed. 
 
Each biopsy specimen was collected into a separate 5 mL aliquot of sterile PBS + 1% 
antibiotics, then rinsed in sterile distilled water, 70% ethanol for 1 minute, and kept in 
fresh PBS + 1% antibiotics for 10 minutes at room temperature to kill any surface 
microorganisms. Some of this biopsy material was set aside for full thickness grafting. 
The remainder of the biopsy material was incubated overnight at 4 °C in dispase (BD 
Biosciences; EC 3.4.24.3) and the epidermis was peeled off each biopsy using sterile 
forceps and placed in 1 mL 1% trypsin-EDTA for keratinocyte isolation following the 
method of Häkkinen et al. (2002). This mixture was briefly centrifuged at 500 ×g 
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TM, BD Biosciences), and the pelleted cells re-
suspended in CKGM and stored at 37 °C ready for injection later that day. 
 
4.2.2.2 Nude (athymic) mouse grafts 
Twelve 6-week old male C57BL/6J-nu/nu mice were obtained from the Animal 
Resources Centre, Murdoch, Western Australia (Murdoch University Animal Ethics 
Approval #R1116/05). They were transported in sterile containers to a sterile laminar 
flow cabinet and randomly divided into 4 equal groups. Treatment group A received 
grafts derived from P. bougainville papillomas. Treatment group B received grafts 
derived from normal P. bougainville skin. Treatment group C received grafts of 
normal P. bougainville skin that had been incubated in a 0.22 µm-filtered extract of a 
homogenized P. bougainville papillomas. Treatment group D received intradermal 
injections of sterile culture medium.   
 
Each mouse was individually weighed and anaesthetised using isoflurane and oxygen 
delivered by sterilized masks. Under general anaesthesia, intradermal injections of P. 
bougainville keratinocyte cell suspension (0.1 mL) were administered in the right and 
left pinna and left flank using sterile Ultra-Fine
TM insulin syringes (Becton-Dickinson 
and Company). In the right flank, a ~1 mm
3 tissue fragment was engrafted and fixed in 
place with surgical adhesive (Dermabond®, Ethicon). Sterile silicone domes (Renner 
GMBH) were cut to size with surgical scissors, then implanted over a lightly scarified 
hypodermis through a dorsal skin incision. Tacking sutures fixed the dome in place 
and 0.1 mL of the appropriate P. bougainville keratinocyte cell suspension was 
injected through the dome onto the scarified site. An ear was notched for identification 
 181purposes and each mouse was administered 0.15 mg enrofloxacin (Baytril®, Bayer) by 
subcutaneous injection. 
 
4.2.2.3 Care of nude (athymic) mice 
The mice were housed within a sterile isolator and handled through sterile gloves. Air 
was pumped into the isolator through a HEPA filter and double-bagged food, acidified 
water, bedding and other items were introduced via a port only after they had been 
autoclaved. The internal surfaces of the isolator were frequently sprayed with F10SC 
veterinary disinfectant solution (Health and Hygiene) as were any items introduced 
into the sterile isolator via the port.  
 
The 12 male mice were kept in 4 boxes, labeled A-D, one for each treatment group, 
with 3 mice per box. Sterile aspen chips were used as the bedding substrate. Sterile, 
acidified water was provided ad lib with a sipper bottle and a sterile pelletised wheat-
based diet was also provided ad lib. Thick cardboard tubes were autoclaved and 
introduced into the boxes to provide behavioural enrichment and facilitate nest-
building.  
 
At least three times per week, all mice were observed for ~10 minutes during which 
their behaviour, any physical abnormalities, appetite, bedding, food and water supply 
were monitored and recorded. Once per week, every mouse was weighed and the food, 
water and bedding completely changed. All used bedding and other refuse were 
autoclaved prior to disposal. 
 
 182If any bacterial contamination or infection was suspected, 375 mg enrofloxacin 
(Baytril®, Bayer) was added to the 500 mL water bottle for 2-4 weeks, depending on 
the observed response to treatment.  
 
4.2.2.4 Sample collection and processing 
One mouse was euthanased due to protracted, unexplained weight loss ~7 months after 
the experiment began, and another was unexpectedly discovered dead 2 weeks before 
the experiment was completed. All the other mice were euthanased by cervical 
dislocation at the conclusion of the experiment, approximately 360 days after it began. 
 
Sterile 0.9% saline-moistened cotton-tipped skin swabs were taken from all graft and 
injection sites and placed in separate saline-filled labeled Eppendorf tubes. Skin swabs 
were tested by PCR using the L1 primer pair (Table 4.1) and thermocycler conditions 
described below. 
 
Skin samples were collected from each graft and injection site and divided into 4 with 
sterile scalpel blades. One piece was placed in 10% neutral buffered formalin for 
histological processing, one into RNAlater® (Sigma) for future molecular tests, one 
into 5% glutaraldehyde for future electron microscopy studies and one into isopentane 
and snap frozen in liquid nitrogen. Internal organs were collected into 10% neutral 
buffered formalin for routine histopathology.     
 
Samples in RNAlater® were labeled and stored at -20 °C and samples in isopentane 
were labeled and stored at -80 °C. Glutaraldehyde-fixed samples were processed as 
 183previously described for transmission electron microscopy and embedded in Epon 812 
blocks by Clare McKay.  
 
Formalin-fixed samples were processed with a Leica EG 1150C automated processor 
(Leica Microsystems) and embedded in paraffin blocks. Sections were cut to 5 µm 
thickness using a Leica 2135 microtome (Leica Microsystems) and placed on glass 
microscope slides and routinely stained with haematoxylin and eosin. Paraffin blocks 
of graft and injection site samples were also all processed as described below for in 
situ hybridization.  
 
4.2.3 Virus isolation 
Virus isolation was adapted from the method described by Nicholls (1999). 
 
4.2.3.1 Wart collection and processing 
Half a gram of papillomatous tissue was collected from a severely affected western 
barred bandicoot following euthanasia on humane grounds. The tissue was finely 
minced with sterile scalpel blades and mixed with a small volume of PBS. The solution 
was homogenized using a Heidolph DIAX 600 homogenizer (John Morris Scientific) 
set to the highest setting (24,000 min
-1) until a fine slurry was produced. The slurry 
was centrifuged at 1000 ×g for 2 minutes and the supernatant pipetted into a sterile 
centrifuge tube. This tube was centrifuged at 5000 ×g for 20 minutes to pellet the 
nuclei. The supernatant was removed and the pellet was re-suspended in PBS which 
was then sonicated on ice using a Sonicator® ultrasonic processor XL set to 20-40% 
power and Pulsar
TM duty cycle setting of 95% for 1 minute (Unimed Australia).  
 
 1844.2.3.2 Ultracentrifugation 
The resulting mixture was carefully layered over 2 mL of 40% sucrose in a 13.5 mL 
ultracentrifuge tube (Beckman), topped up with PBS and centrifuged at 27,000 rpm at 
18 °C for 2 hours in a Beckman L-90 ultracentrifuge. The pellet was re-suspended in a 
small volume of PBS by brief vortexing and sonication on ice and layered over a CsCl 
gradient in a 13.5 mL ultracentrifuge tube with an average CsCl concentration of 440 
g/L. The mixture was ultracentrifuged at 28,000 rpm and 18 °C for 18 hours. 
 
4.2.3.3 Refractometry of cesium chloride fractions 
Refractometry of 0.5 mL fractions of the CsCl density gradient produced following 
ultracentrifugation was performed using a temperature compensated TS meter (AO 
Corporation). 
 
4.2.3.4 Negative stain transmission electron microscopy 
A drop of the band-containing fraction was placed on parafilm and a 0.35% formvar-
coated grid was placed in the drop for 5 minutes at room temperature. The excess 
liquid was removed using filter paper and the dried grid was placed in a drop of 1% 
phosphotungstic acid (w/v) in 0.01 mol/L tris buffer pH 7.3 for 30 seconds. The excess 
liquid was again removed with filter paper and the dried grid loaded into a BioTwin 
CM 100 transmission electron microscope (Philips, Eindhoven, Holland) for 
visualization of negatively stained virus particles at an accelerating voltage of 80 kV. 
 
4.2.3.5 SDS-PAGE and silver staining 
Fractions containing visible flocculent material were pooled and extensively dialyzed 
against at least two changes of PBS overnight at 4 °C. The flocculent material was 
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material were incubated for 1 hour at room temperature with 25 U/μL Benzonase® 
nuclease (Novagen, EC 3.1.30.2) and the resulting solution was mixed 1:1 with 10 
mol/L urea. This solution was mixed 3:1 with 3× SDS loading buffer and boiled for 10 
minutes, then loaded in triplicate into a 4% SDS-polyacrylamide stacking gel and 
electrophoresed at 100 V for 120 minutes through a 12.5% SDS-polyacrylamide 
resolving gel. Neighbouring lanes contained Precision Plus Protein
TM unstained 
molecular mass standards (Bio-Rad Laboratories). Following electrophoresis, gels 
were stained with Coomassie Blue and destained as described in Chapter 2. An 
identically prepared SDS polyacrylamide gel was stained with silver (Silver stain, Bio-
Rad Laboratories) following the manufacturer’s guidelines, to confirm the presence 
and location of two bands seen after Coomassie Blue staining. 
 
4.2.3.6 Western blot 
Papillomas collected from a heifer were prepared in the same manner described above 
to purify BPV virions. The material obtained was subjected to SDS-PAGE along with 
BPCV1 viral particles and blotted onto a nitrocellulose membrane as previously 
described. The membrane was blocked with 1% skim milk powder in PBS for 1 hour 
and incubated for 1 hour at room temperature with a 1:4,000 dilution of polyclonal 
rabbit anti-BPV antibody (DakoCytomation) in the blocking solution. The membrane 
was rinsed in PBST three times and antibody binding was detected using Envision
+ R 
System Polymer-HRP anti-rabbit secondary antibody solution (DakoCytomation). The 
membrane was washed again in PBST and developed by exposure to HRP colour 
development reagent (Bio-Rad) as described in Chapter 2, for 15 minutes. 
 
 1864.2.4 In situ hybridization 
4.2.4.1 Digoxigenin labeled DNA probe generation and testing 
4.2.4.1.i Multiply primed rolling circle amplification 
Multiply primed rolling circle amplification (RCA) was performed on the BPCV1 
genome cloned into a pUC18 vector (kindly provided by L. Woolford) with the 
TempliPhi
TM 100 Amplification Kit (Amersham Biosciences) using a modified 
manufacturer’s protocol (Rector, Tachezy and Van Ranst, 2004). Briefly, 1 µL of 
DNA template was added to 5 µL of sample buffer in a reaction tube and heated to 95 
°C for 3 minutes, then chilled on ice. To this mixture, 5 µL of a premix containing 
TempliPhi reaction buffer, Φ 29 polymerase and deoxyribonucleic acid triphosphates 
(dNTPs) were added, gently mixed and incubated at 30 °C overnight. The reaction 
tube was heated to 65 °C for 10 minutes to inactivate the Φ 29 DNA polymerase and 
then stored at –20 °C. The DNA concentration obtained was quantified using a 
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc.). 
  
4.2.4.1.ii Genomic probe generation 
Genomic DNA (1 µg) obtained from the RCA technique was incubated with 4 μL nick 
translation digoxigenin-labeling kit mixture (Roche Diagnostics) in a total volume of 
20 μL at 14 °C for 4 hours. An extra 1 μL of the nick translation digoxigenin-labeling 
kit mixture was added to the reaction tube and incubation at 14 °C was continued for a 
further 20 hours. A 1 μL aliquot of the reaction mixture was visualized on an ethidium 
bromide laced 1% agarose gel electrophoresed at 90 V for 40 minutes to check that the 
genomic DNA had been digested to fragments shorter than 500 bp. The reaction was 
stopped with 1.25 μL of 0.5 mol/L EDTA pH 8 and the mixture was heated to 95 °C 
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purification kit (Qiagen) to remove labeled fragments shorter than 40 bp. 
 
4.2.4.1.iii Sub-ORF probe generation 
PCR primers were designed using Primer3 v.0.4.0 software (available at 
http://frodo.wi.mit.edu) to anneal with DNA in four identified ORFs of the BPCV1 
genome: L1, L2, stag and LTag (Table 4.1). PCR reactions were carried out in a total 
volume of 40 μL with the following final concentrations of reagents 200 μmol/L each 
dNTP, 1× PCR reaction buffer, 1.5 mmol/L MgCl2 pH 8.5, 200 nmol/L of each primer 
and 3.75 U/mL Taq DNA polymerase with 2 μL of 1:100 dilution of BPCV1 DNA 
amplified by the RCA technique as template (Woolford et al., 2007). This mixture was 
subjected to 95 °C for 3 minutes, then 25 cycles of 30 seconds at 95 °C, 30 seconds at 
58 °C and 45 seconds at 72 °C, followed by 7 minutes at 72 °C in an automated 
thermocycler (Perkin Elmer Gene Amp PCR System 2400). The success of the 
reaction was checked by visualizing an amplicon of expected size in a 1% agarose gel 
laced with ethidium bromide, electrophoresed at 90 V for 35 minutes and viewed on a 
UV transilluminator. PCR products were purified using the QIAquick® PCR 
purification kit (Qiagen) and DNA concentration determined using a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies Inc.). 
 
Purified PCR product DNA (1 μg) was incubated with 4 μL nick translation 
digoxigenin-labeling kit mixture (Roche Diagnostics) in a total volume of 20 μL at 14 
°C for 2 hours. A 1.0 μL aliquot of 0.5 mol/L EDTA pH 8 was added to stop the 
reaction and the mixture was heated to 95 °C for 3 minutes and stored at 4 °C. 
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reading frames of BPCV1. 
ORF  Primer pairs 5’-3’  Size 
L1  AGATTGGCGTTCCTAAGGTG 
TCATCATCCCCTTCTTTTGC 
250 
L2  ACAGCATCAACTGGGAGGAT 
AAGGACAAAATTGAAGGAACCA 
236 
LTag  TGCAAAGTCCGCTAAGGATT 
TGTGGCGAATCATCTTTGTC 
184 
stag  ATTCTGGATCCAGTGAGGGAA 
CCCATAATTAACAGAATTCATCAGTGA 
308 
 
4.2.4.1.iv Labeling efficiency 
Onto a nylon membrane (Boehringer Mannheim) a dilution series (1:50 – 
1:15,625,000) of 2 µL aliquots of digoxigenin-labelled DNA probe was applied and 
baked in an oven at 120 °C for 30 minutes. The membrane was washed 3 times for 5 
minutes each in buffer 1 (0.1 mol/L tris pH 7.5, 0.1 mol/L NaCl, 2 mmol/L MgCl2, 
0.05% Triton-X 100), then immersed in buffer 2 (0.5% commercial blocking reagent 
(Roche) dissolved in buffer 1) for 30 minutes and washed twice for 5 minutes in buffer 
1. The membrane was then incubated for 30 minutes in a 1:5,000 dilution of alkaline 
phosphatase-conjugated anti-digoxigenin Fab fragments (Roche Diagnostics); rinsed 
twice for 10 minutes each in buffer 1, then immersed for 5 minutes in buffer 3 (0.1 
mol/L tris pH 9.5, 0.1 mol/L NaCl, 50 mmol/L MgCl2). The membrane was immersed 
in neat precipitating BM purple alkaline phosphatase substrate solution (Roche 
Diagnostics) overnight and washed in tap water and dried. 
 1894.2.4.2 Optimization of the DNA in situ hybridization technique 
The numerous variables involved in some protocols for DNA in situ hybridization 
(Rolighed and Lindeberg, 1996; Jones, 2002) were optimized to arrive at the simplest, 
most robust and reliable technique for demonstrating BPCV1 DNA in formalin-fixed 
paraffin-embedded biopsies from the lesions of western barred bandicoot 
papillomatosis and carcinomatosis syndrome. 
 
4.2.4.2.i Sample collection and fixation factors 
Biopsy samples were collected between 2000 and 2007 from P. bougainville 
expressing the typical lesions associated with the papillomatosis and carcinomatosis 
syndrome including samples taken from eyelids, lips, pouch, mouth, palate and haired 
skin of the chin, ears, head, thorax, paws and scrotum. These were fixed in 10% 
neutral buffered formalin for at least 24 hours, processed with a Leica EG 1150C 
automated processor (Leica Microsystems) and embedded in paraffin blocks. Sections 
were cut to 5 µm thickness using a Leica 2135 microtome (Leica Microsystems) and 
baked on to silanised glass microscope slides (ProSciTech). 
 
To test the effect of time spent in fixative on the reliability of the ISH technique, a 
papilloma from the dorsal antebrachium was excised from a P. bougainville under 
general anaesthesia and collected into 10% neutral buffered formalin. The papilloma 
was cut into 5 pieces, one of which was removed from the formalin for further 
processing at each of the following time intervals: 4 hours, 4 days, 11 days, 18 days 
and 25 days. 
 
 1904.2.4.2.ii Section rehydration and post-fixation 
The time the sections spent in the deparaffinization and rehydration solutions (xylenes, 
graded ethanols, tap water and PBST) were varied between 30 seconds and 5 minutes. 
Post-fixation in 0.1% paraformaldehyde for 10 minutes at 4 °C was also tested.  
 
4.2.4.2.iii DNA denaturation and annealing conditions 
Slides were heated to various temperatures (80 °C, 95 °C, 105 °C) for 10-30 minutes to 
determine the optimal conditions necessary for DNA denaturation. The DNA 
denaturation step was omitted as a control. 
 
Following denaturation, slides were incubated at 37 °C, 42 °C, 47 °C and 52 °C 
overnight to investigate the optimal annealing temperature. The annealing incubation 
step was also omitted as a control. 
 
4.2.4.2.iv Stringency conditions 
Various concentrations of SSC buffer (Sigma) (2×, 1×, 0.5×, 0.1×) at pH 7 and pH 9 
and at different temperatures (room temperature, 42 °C, 60 °C) were used during the 
stringency washes to achieve the optimal signal to noise ratio. 
 
4.2.4.2.v Blocking and antibody concentration 
Blocking solution consisting of between 1 and 5 µg/mL bovine serum albumin in tris 
buffered saline with 0.05% Tween-20 pH 7 (TBST) was applied to sections for varying 
lengths of time, prior to the addition of varying dilutions (1:600, 1:1,200, 1:2,400, 
1:4,800) of alkaline phosphatase conjugated anti-digoxigenin monoclonal antibody Fab 
fragments (Roche Diagnostics) dissolved in the blocking solution. The incubation time 
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overnight.   
 
4.2.4.2.vi Colour development reaction and counter-staining 
Varying concentrations of levamisole (0, 0.3, 0.6, 1, 1.5 mg/mL) were mixed with the 
BM Purple alkaline phosphatase substrate solution to determine the optimal mixture 
that inhibited endogenous alkaline phosphatase activity while not significantly slowing 
the desired colour development reaction. 
  
Picric acid and light green, neutral red, Brazilin haematoxylin, and eosin were all used 
to counter-stain the slides, to determine which gave the clearest results. 
 
4.2.4.2.vii Probe specificity testing 
Immediately following the rehydration of tissue sections, some slides were treated with 
DNase-free RNase (Sigma) for 60 minutes at room temperature to remove viral and 
cellular RNA from tissue sections. A DNA probe of similar length created to detect 
DNA from an oyster parasite (Haplosporidium sp.) was kindly provided by Douglas 
Bearham as an irrelevant control probe, and tested on a section of positive control 
tissue. Tissue sections from a dog (Canis familiaris) papilloma and a southern brown 
bandicoot (Isoodon obesulus) papilloma were tested using the DNA probes. 
 
4.2.4.3 Screening of archived blocks 
Haematoxylin and eosin stained slides of lesions were examined by light microscopy. 
The lesions were categorized as either papillomas, carcinomas in situ or squamous cell 
carcinomas according to the classification system of Goldschmidt et al. (1998). The 
 192case history and the haematoxylin and eosin stained slides were consulted to determine 
the anatomical location of biopsy specimens cut in for ISH testing. 
 
4.2.4.4 Digoxigenin labeled RNA probe generation 
4.2.4.4.i PCR primer design and template generation 
The 3’ end of each BPCV1 ORF was scrutinized for sequences similar to the 
recognition sequences for the restriction enzymes BamHI and EcoRI. When such 
sequences were identified, PCR primers were manually designed that incorporated 
point mutations to allow the restriction enzymes to cut the PCR products at their 3’ and 
5’ ends thus enabling directional cloning (Table 4.2). 
 
PCR reactions were carried out in a total volume of 40 μL using the standard 
concentrations of reagents and thermocycler conditions described above. The success 
of the reaction was checked by visualizing an amplicon of expected size in a 1% 
agarose gel laced with ethidium bromide, electrophoresed at 90 V for 35 minutes and 
viewed on a UV transilluminator. PCR products were purified using the QIAquick® 
PCR purification kit (Qiagen) and DNA concentration determined using a NanoDrop 
ND-1000 spectrophotometer (NanoDrop Technologies Inc.). 
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facilitate restriction enzyme digestion by BamHI and EcoRI. 
ORF  Primer pairs (5’-3’)  Size 
L1  GGTAATATGAATTCTAAAGCCCTTA 
AGAATTCTAGGATCCATTGCATTTA 
590 
L2  GGAACAAGAATTCTAAAACCTCCA 
GCTTCTGGATCCATCAACCTA 
647 
LTag  GTTAATGGAATTCCTGATAGATTGCA 
GAAATCTTTAGTAAAGGATCCAGAATAC 
426 
stag  ATTCTGGATCCAGTGAGGGAA 
CCCATAATTAACAGAATTCATCAGTGA 
308 
Underlined nucleotides indicate induced point mutations to facilitate cleavage by the 
restriction endonucleases EcoRI or BamHI. 
Italicised sequences indicate EcoRI cutting sites (GAATTC). 
Bold sequences indicate BamHI cutting sites (GGATCC). 
 
4.2.4.4.ii Restriction enzyme digestion and directional cloning 
The PCR products and vector (pSPT18 or pSPT19; Roche Diagnostics) were each 
digested first with BamHI, purified with the QIAquick® PCR clean-up kit (Qiagen) 
according to the manufacturer’s protocol, then digested again with EcoRI, 
dephosphorylated with 2U calf intestinal alkaline phosphatase (Invitrogen) at 37 °C for 
1 hour and purified a second time. This resulted in dephosphorylated inserts and 
linearised plasmid vectors with ‘sticky’ ends. A rapid DNA ligation kit (Roche 
Diagnostics) was used according to the manufacturer’s instructions to insert the desired 
DNA fragments into the vectors and close the circular DNA plasmid.  
 1944.2.4.4.iii Transformation and colony selection 
The ligation mixture was transformed into chemically competent OneShot® MAX 
Efficiency® DH5α
TM-T1
R Escherichia coli cells (Invitrogen) following the 
manufacturer’s guidelines and spread on LB-ampicillin agar plates (1% tryptone, 0.5% 
yeast extract, 1% NaCl and 1.5% agar (w/v) with 75 µg/mL ampicillin) and incubated 
at 37 °C overnight. Individual colonies were screened by PCR as described above and 
colonies containing the insert were grown for 8 hours in LB-ampicillin broth cultures 
(1% tryptone, 0.5% yeast extract, 1% NaCl (w/v), 75 µg/mL ampicillin) at 37 °C.  
 
4.2.4.4.iv Plasmid preparation and amplification 
Plasmids were purified from the broth cultures using the QIAprep® spin miniprep kit 
(Qiagen) according to the manufacturer’s directions. RCA was used to amplify the 
purified plasmid DNA and the resulting concentrated DNA digested with EcoRI (or 
BamHI for stag) to linearise the plasmid. 
 
4.2.4.4.v Digoxigenin labeled RNA probe generation and testing 
In vitro transcription was performed using T7 RNA polymerase provided in the DIG 
RNA labeling kit (SP6/T7) (Roche Diagnostics) to generate digoxigenin labeled 
antisense riboprobes, complementary to the 3’ end of the predicted mRNA nucleotide 
sequence for each BPCV1 ORF. A digoxigenin labeled sense riboprobe was produced 
by linearising the LTag sequence-containing plasmid with BamHI and performing in 
vitro transcription using the SP6 RNA polymerase. All the RNA probes produced were 
checked using a NanoDrop ND-1000 spectrophotometer to quantify the RNA 
concentration, and electrophoresed through a 1% denaturing agarose gel laced with 
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were of expected size. 
 
4.2.4.5 RNA in situ hybridization 
4.2.4.5.i Rehydration 
Deparaffinization and rehydration were performed carefully in sterile solutions 
specifically set aside for RNA in situ hybridization experiments. All water-containing 
solutions were formulated with sterile dimethylpyrocarbonate (DMPC; Sigma)-treated 
distilled water and laboratory bench tops were prepared to minimize environmental 
RNases. Tissue permeabilisation using 2× SSC with Tween-20 for 10 minutes at 70 °C 
or at room temperature were tried. The effect of alkaline rehydration solutions on 
limiting RNase-induced loss of positive signal was also tried.  
 
4.2.4.5.ii RNA hybridization conditions 
Hybridizations were performed at 37, 42, 47 and 52 °C for 1, 4, 8 and 16 hours. 
 
4.2.4.5.iii Stringency washes, blocking, detection and development 
Washes were performed at room temperature with varying concentrations of SSC 
buffer (2×, 1×, 0.5×, 0.1×) all at pH 7. Blocking solution was omitted as a control, and 
varying dilutions (1:600, 1:1,200, 1:2,400, 1:4,800) of the alkaline phosphatase 
conjugated anti-digoxigenin monoclonal antibody Fab fragments (Roche Diagnostics) 
dissolved in the blocking solution were applied to the slides for varying intervals 
between 1 hour and overnight. 
 
 1964.2.4.5.iv Specificity testing 
Skin biopsies from a southern brown bandicoot (Isoodon obesulus) affected by virus-
associated papillomatosis were prepared as described above and also subjected to RNA 
ISH, according to the optimized protocol. 
 
The digoxigenin labeled sense riboprobe was applied to a positive control tissue 
section using the optimized RNA ISH protocol to determine the best stringency 
conditions for high specificity without sacrificing sensitivity. 
 
Immediately following the rehydration of tissue sections, some slides were treated with 
DNase-free RNase (Sigma) for 1 hour at room temperature to remove viral and cellular 
RNA species from tissue sections. The RNase was thoroughly rinsed off the slide with 
copious volumes of tap water, followed by several changes of DMPC-treated distilled 
water, before the riboprobe cocktail was pipetted onto the tissue and a cover slip 
applied. 
 
4.2.5 Hepatic intranuclear inclusions 
4.2.5.1 Haematoxylin and eosin stained sections 
Archival haematoxylin and eosin stained histology slides from 20 western barred 
bandicoots necropsied between 2000 and 2006 were examined for the occurrence of 
abnormal hepatocyte nuclei. The frequency with which these abnormal nuclei occurred 
was determined by examination of ten randomly selected high power fields (×40 
objective) per slide. 
 
 1974.2.5.2 Periodic Acid Schiff with and without diastase pretreatment 
Sections (6 µm thick) of 4 FFPE western barred bandicoot liver samples were treated 
with diastase (E.C. 3.2.1.1) followed by Periodic Acid Schiff (PAS), or PAS alone. 
 
4.2.5.3 Transmission electron microscopy 
One western barred bandicoot liver sample was fixed in 5% glutaraldehyde, rinsed in 
Sorensen’s phosphate buffer, post-fixed in Dalton’s chrome osmic acid, dehydrated 
through graded alcohols, transferred into propylene oxide, propylene oxide/Epon 812 
and embedded in Epon 812. Ultrathin sections were cut, mounted on grids and stained 
with lead citrate and uranyl acetate. These were examined using a BioTwin CM 100 
transmission electron microscope (Philips, Eindhoven, Holland) at an accelerating 
voltage of 80 kV. 
 
4.3 Results and discussion 
4.3.1 Cell culture experiments 
4.3.1.1 Murine primary cell culture 
Neonatal murine fibroblasts were successfully cultured by the explant method. Cords 
of fibroblasts grew outwards from the tissue fragments, until eventually the tissue 
fragments lifted off to float in the medium. Fibroblasts continued to divide and 
proliferate until they covered the plastic culture vessel. They were then trypsinized and 
transferred to larger cell culture plates. These fibroblasts were passaged more than 3 
times and continued to display the expected morphology. Calcium-depleted fibroblast 
conditioned medium (FCM) was successfully harvested from these murine fibroblasts 
for use in later experiments. Several vials of primary murine fibroblasts preserved in 
dimethyl sulfoxide, are currently stored in liquid nitrogen for future use.  
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Unfortunately, the experiments to culture murine keratinocytes did not succeed. Within 
approximately 1 week, the murine keratinocytes lost their normal morphology and 
ceased cell division. By the second week, all the keratinocytes had lifted from the cell 
culture plastic and undergone apoptosis. The reasons for this disappointing result are 
unclear. Perhaps with more attempts and slightly different culture conditions, murine 
keratinocytes cultures could have been achieved. However, the aim of the project was 
to culture P. bougainville fibroblasts and keratinocytes, so murine keratinocyte culture 
experiments were abandoned. 
 
4.3.1.2 P. bougainville primary cell culture 
Despite two separate attempts, neither fibroblasts nor keratinocytes from P. 
bougainville survived more than a few days in the cell culture conditions tested. It may 
be that western barred bandicoot fibroblasts and keratinocytes require a different 
culture medium, incubation temperature or CO2 concentration than those provided. It is 
also conceivable that the age of the donor is important: whereas primary fibroblast cell 
culture was achieved using neonatal mice, the use of adult western barred bandicoot 
fibroblasts proved unsuccessful. Soluble growth factors secreted by fibroblasts are 
thought to be important in nourishing cultured keratinocytes, so murine CKGM was 
used in the attempted P. bougainville keratinocytes culture experiments. Possibly, the 
soluble factors secreted by murine fibroblasts were not similar enough to those 
required by P. bougainville keratinocytes to enable successful keratinocyte cell culture. 
Due to the improbability of producing P. bougainville organotypic “rafts” in cell 
culture, these efforts were abandoned. 
 
 1994.3.2 Transmission experiments 
4.3.2.1 Clinical examinations 
The silicone domes implanted on the dorsum of the mice remained attached for at least 
2 weeks. After the domes were lost, the dorsal wounds healed by second intention 
within a few days. The full thickness graft sites all healed well as did the sites in which 
the cell suspensions were injected. During the course of this experiment, individual 
mice occasionally developed skin abrasions which usually healed rapidly, without the 
need for medication. These minor wounds were likely the result of intra-specific 
aggression. 
 
When individuals developed suspected bacterial infections, they were treated using 
orally administered 375 mg enrofloxacin added to a 500 mL water bottle, in 
combination with thorough disinfection of the box and changing of the food, water and 
substrate material. In all cases, the presenting signs rapidly improved following 
administration of the antibiotics. 
 
One individual mouse had protracted weight loss of unknown origin, despite a good 
appetite and was euthanased in accordance with the Murdoch University Animal 
Ethics Committee’s guidelines. No explanation for this weight loss was identified 
despite careful necropsy, microbiological and histopathological investigations. 
 
Another individual mouse was found dead in box A within the isolator, just 2 weeks 
prior to the scheduled conclusion of this experiment. Histopathology revealed 
multifocal purulent glomerulonephritis and this prompted the immediate use of 
antibiotics and disinfection procedures for the remaining mice in box A. 
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Throughout the experiment, no mice developed any grossly visible papillomas. 
 
4.3.2.2 Gross pathology and histopathology 
During necropsy examinations of the mice, no evidence was found of any 
papillomatous skin lesions, despite very close inspection of the graft and injection 
sites. Grossly, only 1 case of unilateral polycystic kidney and 1 case of unilateral 
periocular swelling were found. Histopathology revealed skin and adnexal 
abnormalities consistent with the nude phenotype. Most mice had scattered neutrophils 
in the dermis and scarring consistent with the surgical procedures performed on them. 
Three had multifocal purulent glomerulonephritis and 1 had a periocular abscess. 
     
4.3.2.3 In situ hybridization and PCR screening 
Paraffin blocks containing samples taken from all the graft and injection sites were 
screened using the optimized DNA ISH method described below, but none stained 
positively. Likewise, skin swabs taken from each mouse, subsequently subjected to 
PCR were uniformly negative for BPCV1 DNA. 
 
These results all indicate that the nude (athymic) mouse xenograft model failed to 
propagate western barred bandicoot papillomatosis and carcinomatosis syndrome 
within one year. It is likely that the grafts simply did not survive and this may have 
resulted from grooming behaviour or intra-specific aggression, low number of injected 
cells, suboptimal cell harvesting and media conditions, cell damage sustained during 
injection, subcutaneous rather than intradermal injection, or incompatibility with the 
recipient’s physiology. 
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4.3.3 Virus isolation 
Cesium chloride ultracentrifugation yielded a creamy white flocculent precipitate as a 
single band, approximately halfway along the ultracentrifuge tube (Fig. 4.1). 
 
 
 
 
Figure 4.1 Negative photographic image of a cesium chloride density gradient 
following ultracentrifugation of Perameles bougainville papilloma samples. The arrow 
indicates a distinct band of off-white flocculent material visible within the centrifuge 
tube. This band was present within a fraction that had a refractive index of 1.3604 
which is equivalent to a density of 1.28 g/mL. 
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Refractometry of fractions collected from the tube showed that the flocculent material 
occurred within a fraction with an average refractive index of 1.3604, corresponding to 
a calculated density of 1.28 g/mL
 (Dawson et al., 1986). Papillomaviruses and PyVs 
have a density of approximately 1.34 g/mL
 in CsCl and empty PV and PyV capsids 
have a density of approximately 1.29 g/mL
 (Buonamassa et al., 2002; Howley and 
Lowy, 2007; Imperiale and Major, 2007). It is possible that the BPCV1 virus particles 
isolated were empty capsids however no other bands were ever visible in the 
ultracentrifuge tube. 
 
4.3.3.2 Negative stain transmission electron microscopy 
Negative stain transmission electron microscopy demonstrated abundant individual 
virions and virion aggregations that all displayed similar features: the virions were 
non-enveloped and icosahedral (Fig. 4.2). Measurements of 48 photographed virions 
revealed their mean diameter was 47 nm (mode 48 nm, standard error 2.08 nm, 
observed range 41–51 nm). Papillomavirus virions usually measure 52-55 nm in 
diameter, while PyVs have a diameter closer to 40-45 nm (Howley and Lowy, 2007; 
Imperiale and Major, 2007). BPCV1 occupies the middle ground between these two 
virus families at 47 nm diameter. Previous ultrastructural studies of glutaraldehyde and 
osmium tetroxide-fixed, epoxy-resin embedded conjunctival lesions from papilloma-
affected P. bougainville detected intranuclear crystalline arrays of virions each 
measuring 45 nm in diameter (O’Hara et al., 2004; Woolford et al., 2008). The slight 
discrepancy in diameter measurements may therefore be due to differences in sample 
processing. 
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Figure 4.2 Transmission electron microscopy of bandicoot papillomatosis 
carcinomatosis virus type 1. (A) The virions of BPCV1 were non-enveloped and 
icosahedral with a mean diameter of 47 nm. (B) Crystalline arrays of non-enveloped 
icosahedral virus particles were seen within keratinocyte nuclei of Perameles 
bougainville conjunctiva. The virions had a diameter of approximately 45 nm 
(courtesy of Dr. Mandy O’Hara).  
 
4.3.3.3 Structural protein characterisation 
Coomassie Blue-stained and destained SDS-polyacrylamide gels showed two faint 
protein bands migrating with apparent molecular masses of 58 and 48 kDa. Silver 
staining, a far more sensitive staining technique, confirmed the presence and apparent 
molecular masses of these two bands. 
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protein and it can self-assemble to produce virus-like particles that appear 
morphologically identical to intact virions (Howley and Lowy, 2007). Papillomavirus 
L1 proteins migrate through denaturing polyacrylamide gels with an apparent 
molecular mass of approximately 55 kDa (Howley and Lowy, 2007). The predicted 
molecular mass of BPCV1 L1 was 57.8 kDa based on the predicted amino acid 
sequence (Woolford et al., 2007) which agreed well with the observed apparent 
molecular mass of 58 kDa.  
 
Minor (L2) PV capsid proteins have a molecular mass of approximately 70 kDa 
(Howley and Lowy, 2007). Virus assembly does not require the presence of L2, but L2 
is incorporated into virus-like particles if co-expressed with L1 (Howley and Lowy, 
2007). L2 appears to be involved in assisting the PV genome to escape the endosome 
and facilitating its entry into the host cell nucleus (Richards et al., 2006; Howley and 
Lowy, 2007). This study detected a protein band of approximately 48 kDa migrating in 
SDS-polyacrylamide gels that may be BPCV1 minor capsid protein. Its calculated 
molecular mass, based on L2 ORF nucleotide sequence analysis, was 51.6 kDa 
(Woolford et al., 2007), approximately 3.6 kDa heavier than the observed band. While 
this is within the bounds of experimental error, post-transcriptional or post-
translational modifications could also account for this small discrepancy. Alternatively, 
the band at 48 kDa may represent an unidentified contaminant. To positively identify 
each of the bands present in the SDS-PAGE study, either direct amino acid sequencing 
or western blotting with antibodies directed against BPCV1 L1 and L2 would be 
required. 
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commercially available polyclonal antibodies directed against BPV structural antigens 
did not detect SDS-denatured BPCV1 capsid proteins, but did detect SDS-denatured 
BPV structural proteins. The positive results obtained using immunohistochemistry 
techniques on FFPE conjunctival lesional tissue (O’Hara et al., 2004; Woolford et al., 
2008) may be due to the presence of important conformational epitopes. Antibody-
antigen binding often depends on the three-dimensional conformation of the antigen 
and antigen retrieval methodologies employed to improve signal strength above 
background in immunohistochemistry can expose these conformational epitopes, thus 
promoting antibody binding (Shi et al., 1997). However, SDS disrupts the secondary, 
tertiary and quarternary structure of proteins, thus preventing antibody recognition of 
certain conformational epitopes (Özyörük et al., 2001). 
 
4.3.4 DNA in situ hybridization 
4.3.4.1 Optimized protocol 
Tissue biopsy sections baked onto silanised slides were deparaffinized in two changes 
of xylene for 1 minute each, then rehydrated through 100% ethanol, 95% ethanol, 70% 
ethanol for 1 minute each, then washed in tap water for 2 minutes, and PBST for 5 
minutes. DNA probe cocktail mixture consisting of 50% formamide, 10% dextran 
sulphate, 2× SSC buffer, >7.5 ng digoxigenin-labeled DNA (up to 50 μL) was pipetted 
onto each tissue section, covered with a glass cover slip and incubated in an oven at 95 
°C for 15 minutes. Each slide was allowed to cool to ambient temperature over at least 
30 minutes. The cover slip was then removed and the slide washed in 2× SSC buffer 
with 0.05% Tween-20 pH 7 for 2 minutes. Blocking solution consisting of 4 µg/mL 
bovine serum albumin in tris buffered saline with 0.05% Tween-20 pH 7 (TBST) was 
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conjugated anti-digoxigenin monoclonal antibody Fab fragments (Roche Diagnostics) 
in the blocking solution was applied to completely cover the tissue and left at room 
temperature for 1 hour. TBST was used to thoroughly wash the slides and antibody 
binding was demonstrated by covering the section with precipitating BM Purple 
alkaline phosphatase substrate (Roche Diagnostics) laced with levamisole (300 µg/mL) 
to block endogenous alkaline phosphatase activity. The slides were left to develop in a 
dark humid chamber for 4 hours to overnight, then washed thoroughly in tap water, 
counter-stained for 1 minute with Brazilin haematoxylin, washed again in tap water 
and finally wet-mounted with Apathy’s solution. All steps were carried out at room 
temperature, except for the denaturation step (95 °C). 
 
4.3.4.2 Lessons learned during protocol optimization 
4.3.4.2.i Sample collection, fixation and storage 
Experiments indicated that for best results, biopsies should be exposed to formalin 
fixation for 4 – 96 hours. It was possible to detect viral DNA in tissue sections fixed 
for several days or even up to 4 weeks, however, the signal strength gradually 
decreased with increasing time in fixative. Over-fixation could be partly ameliorated 
by digestion in 400 µg/mL pepsin (Sigma, EC 3.4.23.1) in HCl pH 1.8 for 5 minutes 
immediately following section rehydration. However, this procedure led to tissue 
degradation, increased background staining and smearing of the positive signal. 
 2074.3.4.2.ii Endogenous alkaline phosphatase activity 
Screening a wide variety of tissues for endogenous alkaline phosphatase activity 
revealed strongest positive staining in the sweat glands and in bacteria within the 
caecal and colonic lumina. There was some endogenous alkaline phosphatase activity 
present on the luminal aspect of the proximal convoluted tubules of the kidneys, the 
duodenal mucosa, the sclera and conjunctiva and in the head of spermatids. Very little 
endogenous alkaline phosphatase activity was present in the transitional epithelium of 
the urethra, a salivary gland within the tongue, part of the gastric mucosa and 
ependymal lining of the central canal and ventricular system. There was no 
endogenous alkaline phosphatase activity detected in the liver, thyroid, adrenal gland, 
adipose tissue, cartilage, lymph nodes, skeletal muscle, parotid salivary gland, 
oesophagus, vasculature, peripheral nerves, prostate, gall bladder, urinary bladder, 
spleen, lung, pancreas, cerebellum or cerebrum. 
 
4.3.4.2.iii Critical steps in the protocol 
There are many protocols for ISH recorded in the literature, often with remarkable 
levels of complexity that call for expensive and unusual reagents (Rolighed and 
Lindeberg, 1996; Jones, 2002). The optimized ISH protocol to detect BPCV1 DNA in 
P. bougainville utilized a simplified and rapid protocol to yield excellent and 
reproducible results. 
 
In situ hybridization was not reliable for tissues that had been frozen or undergone 
substantial decomposition either through necrosis or autolysis. Minimal exposure to 
10% neutral buffered formalin appeared to be optimal however viral DNA was still 
detected in lesions fixed in formalin for up to 4 weeks. Tissue sections had to be firmly 
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slides were used. It was unnecessary to fastidiously observe the recommended lengths 
of time in xylenes and ethanols during tissue deparaffinization and rehydration. Brief 
digestion in pepsin-HCl or proteinase K (Qiagen, EC 3.4.21.64) was of no apparent 
benefit unless tissues had been over-fixed in 10% neutral buffered formalin, however, 
these digestion steps led to degradation of the tissue, increased background and 
smearing of the positive signal. Post-fixation and pre-hybridization were not required 
to obtain a signal, nor was incubating slides in probe cocktail for any length of time at 
37 °C, 42 °C, 47 °C or 52 °C after the DNA denaturation step. The simplified probe 
cocktail, containing only formamide, dextran sulphate, SSC buffer and digoxigenin-
labeled probe, was effective. The labeling efficiency experiments confirmed that the 
digoxigenin-labeled probe could be diluted to 1:156,250 without loss of efficacy. 
Blocking with bovine serum albumin was not strictly required, and antibody dilutions 
up to 1:4,800 were equally effective. Immersing sections in alkaline phosphatase 
substrate buffer of around pH 9 - 9.5 significantly inhibited the staining reaction. Trace 
amounts of levamisole added to BM Purple solution were highly effective at 
suppressing endogenous alkaline phosphatase activity (such as that seen in P. 
bougainville sweat glands), however at concentrations above approximately 1.5 
mg/mL levamisole significantly slowed the colour development reaction. The best 
counter-stain was Brazilin haematoxylin, though it required wet-mounting. DPX-
mounted slides could be produced following brief eosin counter-staining, dehydration 
and clearing in xylene.  
 2094.3.4.3 Staining distribution 
In situ hybridization demonstrated the presence of BPCV1 DNA within the nuclei of 
keratinocytes (Fig. 4.3) and sebocytes (Fig. 4.4) from lesional and adjacent regions of 
the epidermis, mucous membranes and hair follicles. Not all sebocyte or keratinocyte 
nuclei within each section stained positively: those at sites distant from the lesion of 
interest were typically negative for BPCV1 DNA. These results were consistently 
obtained, regardless of the anatomical site from which the biopsy was taken. Sites 
tested included the haired and glabrous epidermis of the digits, legs, dorsal thorax, 
head, eyelids, mouth, lips, pinna, as well as muco-cutaneous junctions. The strongest 
staining occurred in the stratum basale, with less frequent staining of the stratum 
spinosum and even less frequent staining of the stratum granulosum. Sweat gland 
nuclei did not stain positively. The external root sheath of hair follicles and sebocytes 
both stained positively. Positive staining was multifocally distributed in most biopsies 
and there was no staining of the cytoplasm or any part of the dermis, sweat glands or 
hypodermis.  
 
4.3.4.4 Histological classification 
Thirteen of 16 (81%) lesions categorized as papillomas were positive using ISH, 
compared to 7 of 10 (70%) carcinomas in situ and just 5 of 17 (29%) for squamous cell 
carcinomas, which indicates diminution of the BPCV1 DNA concentration within 
nuclei as host cells become increasingly dysplastic. This trend was corroborated by 
skin swab PCR results which also showed a reduction in the percentage of positive 
results in the more dysplastic lesions (Woolford et al., 2007). 
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Figure 4.3 removed from this version. 
 
 
 
 
 
 
 
 
 
Figure 4.3 DNA in situ hybridization demonstrated BPCV1 DNA in the nuclei of 
keratinocytes, but none in the dermis or sweat glands. Brazilin haematoxylin counter-
stain; bar = 20 μm. (A) Genomic probe. (B) L1 probe. (C) L2 probe. (D) LTag probe. 
(E) stag probe. Bennett et al. (2008c). J. Gen. Virol. 89:419-423. 
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Figure 4.4 removed from this version. 
 
 
 
 
 
 
 
 
 
Figure 4.4 DNA in situ hybridization demonstrated BPCV1 DNA in the nuclei of 
sebocytes. Brazilin haematoxylin counter-stain; bar = 20 μm. (A) Genomic probe. (B) 
L1 probe. (C) L2 probe. (D) LTag probe. (E) stag probe. Bennett et al. (2008c). J. Gen. 
Virol. 89:419-423. 
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Figure 4.5 removed from this version. 
 
 
 
 
 
 
 
 
Figure 4.5 Selected controls to demonstrate the specificity and nature of the optimized 
DNA in situ hybridization technique for demonstrating BPCV1 DNA. Brazilin 
haematoxylin counter-stain; bar = 20 μm. (A) DNase-free RNase pretreatment did not 
affect positive nuclear staining. (B) A digoxigenin-labeled DNA probe designed to 
demonstrate Haplosporidium sp. DNA (Courtesy of D. Bearham) failed to stain 
papillomas from P. bougainville. (C) Papillomas from a related bandicoot species, 
Isoodon obesulus, did not stain positively for BPCV1 DNA. Bennett et al. (2008c). J. 
Gen. Virol. 89:419-423. 
 2134.3.4.5 Specificity 
Ribonuclease pretreatment had no demonstrable effect on staining intensity or staining 
pattern (Fig. 4.5A). There was no staining of positive control tissue using the irrelevant 
Haplosporidium sp. DNA probe (Fig. 4.5B), nor were tissues from canine or southern 
brown bandicoot papillomas stained by the optimized ISH technique (Fig. 4.5C). 
Southern brown bandicoot papillomatosis is also associated with virus DNA and the 
BPCV1 stag DNA probe has a nucleotide sequence similarity of 91% to the 
corresponding region of the southern brown bandicoot virus (BPCV2) genome 
(Chapter 5; Bennett et al., 2008d). The lack of cross reactivity of this probe with 
lesions from a related peramelid species, the southern brown bandicoot (Isoodon 
obesulus), indicated a high level of specificity (>91%) for the DNA probes employed 
in this ISH method. Since most sebocyte and keratinocyte nuclei at sites distant from 
the papillomatous lesions failed to stain positively for BPCV1 DNA, confidence in the 
specificity of this ISH technique was further increased. 
 
4.3.4.6 Comparison with PCR 
The sensitivity of the optimized ISH technique was assessed by comparing its ability to 
detect BPCV1 DNA in FFPE lesions to that of PCR performed on DNA extracted from 
the same FFPE lesions. Of 13 lesions displaying histological changes consistent with 
the western barred bandicoot papillomatosis and carcinomatosis syndrome tested both 
by ISH and PCR, 5 (38.5%) results were in agreement: 3 (23.1%) were positive by 
both methods and 2 (15.4%) were negative by both methods. Conflicting results were 
obtained in 8 (61.5%) cases: 7 (53.8%) were ISH-positive but PCR negative, while 
only 1 (7.7%) was PCR-positive and ISH-negative (Table 4.3). When performed on 
FFPE biopsies of lesions consistent with the western barred bandicoot papillomatosis 
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associated, the sensitivity of ISH was 76.9% while the sensitivity of PCR was 30.8%. 
 
Table 4.3 Comparison of the sensitivities of PCR and DNA in situ hybridization for 
detection of BPCV1 DNA in formalin fixed, paraffin embedded biopsies of lesions 
consistent with western barred bandicoot papillomatosis and carcinomatosis syndrome. 
  PCR +  PCR -  Total ISH 
ISH +  3 (23.1%)  7 (53.8%)  10 (76.9%) 
ISH -  1 (7.7%)  2 (15.4%)  3 (23.1%) 
Total PCR  4 (30.8%)  9 (69.2%)   
 
4.3.5 RNA in situ hybridization 
4.3.5.1 Optimized protocol 
Slides were deparaffinised in xylene for 2 minutes, then rehydrated through 100% 
ethanol for 2 minutes, 95% ethanol for 2 minutes, 70% ethanol for 2 minutes, then 
pure DMPC-treated distilled water for 2 minutes and finally 2× SSC pH 7 in DMPC-
treated distilled water at room temperature for 10 minutes. A 50 μL aliquot of 
riboprobe cocktail mixture consisting of 30% formamide, 10% dextran sulphate, 0.1% 
sodium pyrophosphate, 0.2% polyvinylpyrrolidone (MW 40,000), 0.2% Ficoll (MW 
400,000), 5 mmol/L EDTA, 50 mmol/L tris-HCl pH 7.5, 600 μmol/L NaCl, >7.5 μg 
digoxigenin-labelled RNA probe was pipetted onto the tissue section, covered with a 
glass cover slip and incubated for 4-16 hours at 37 °C in a humid chamber. The slides 
were then washed in 2× SSC pH 7 in DMPC treated distilled water for 5 minutes, then 
blocked with 4 μg/mL bovine serum albumin in TBST for 5 minutes, and incubated at 
room temperature for 30 minutes with a 1:600 dilution of alkaline phosphatase 
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in the blocking solution. The slides were then rinsed thoroughly in TBST for 5 
minutes. Antibody binding was demonstrated by covering the section with 
precipitating BM Purple alkaline phosphatase substrate (Roche Diagnostics) laced with 
levamisole (300 µg/mL) to block endogenous alkaline phosphatase activity. The slides 
were left to develop at room temperature in a dark humid chamber for 4-16 hours, then 
washed thoroughly in tap water, counter-stained for 1 minute with Brazilin 
haematoxylin, washed again in tap water and finally wet-mounted with Apathy’s 
solution. 
 
4.3.5.2 Critical steps in the protocol 
The use of RNase-free reagents, glassware and surfaces was important when 
performing RNA ISH, however alkaline rehydration solutions cause unacceptable 
tissue degradation and were of no benefit. Nor was it beneficial to incubate the slides 
in 2× SSC at 70 °C after rehydration: simply using 2× SSC with 0.05% Tween-20 
added at room temperature was sufficient. There was no significant change in staining 
intensity or staining distribution if slides were incubated in the presence of the probe 
cocktail at temperatures greater than 37 °C or for longer than approximately 4 hours. 
Application of blocking solution prior to addition of the conjugated antibody solution 
was unnecessary, but a concentration of at least 1:600 of the antibody in the blocking 
solution was required for best results, because lower concentrations of the conjugated 
antibody produced weaker staining. 
 
 2164.3.5.3 Staining distribution 
Only sebocytes and keratinocytes within disease-affected areas of the epidermis and 
associated hair follicles stained positively for BPCV1 RNA using the optimized RNA 
ISH protocol (Fig. 4.6). This distribution of affected cells precisely mirrored that 
revealed by the DNA ISH technique. However, staining was predominantly 
cytoplasmic with RNA ISH, and staining intensity was greatest in the stratum 
corneum, followed by the stratum granulosum and stratum spinosum. The lipid 
vacuoles of sebaceous cells were outlined clearly by the intervening cytoplasm that 
had been stained by this RNA ISH technique. The anatomical location from which the 
biopsy was obtained did not influence the results.  
 
 
 
Figure 4.6 RNA in situ hybridization results from sequential sections of a Perameles 
bougainville papillomatous lesion; Brazilin haematoxylin counter-stain; bar = 100 µm. 
(A) L1 riboprobe. (B) L2 riboprobe. (C) LTag riboprobe. (D). stag riboprobe. 
 
The positive staining of the more superficial layers of the affected stratifying 
squamous epithelium indicates that BPCV1 ORF transcription is somehow linked to 
the stage of cellular differentiation: a well known trait of PVs (Nicholls et al., 2001; 
Howley and Lowy, 2007). 
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4.3.5.4 Histological classification 
The strongest staining was achieved in lesions classified as papillomatous hyperplasia. 
Staining was weak or absent in malignant lesions. Pulmonary metastases in 1 case 
(Case Report A) did not stain positively using any of the riboprobes. 
 
4.3.5.5 Specificity 
The digoxigenin-labeled sense riboprobe did not produce any positive staining, 
indicating that the stringency conditions were adequate. Somewhat unexpectedly, the 
riboprobes designed for BPCV1 also stained papillomatous lesions from a southern 
brown bandicoot. It would seem that the specificity of the RNA:RNA hybridization is 
lower than the DNA:DNA hybridization described above, since BPCV1 DNA probes 
failed to anneal to the virus DNA in southern brown bandicoot lesions, despite its 
abundance. This curious finding is discussed further in Chapter 5. 
 
4.3.6 Hepatic intranuclear inclusions 
Nineteen of 20 haematoxylin and eosin stained slides of western barred bandicoot 
livers (95%) contained abnormal hepatic nuclei consistent with intranuclear inclusions. 
On average, 7.8 hepatocyte intranuclear inclusions were observed per 10 high power 
fields (×40 objective) examined (range 0 – 56) (Fig. 4.7A). 
 
Examination of sections treated with PAS alone showed positive staining in 131/142 
(92%) intranuclear inclusions. The intensity of PAS-positive staining varied from mild 
to marked (Fig. 4.7B). This PAS-positive staining of abnormal nuclei was completely 
eliminated 0/143 (0%) in sections pretreated with diastase, confirming histochemically 
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inclusions were most prevalent in liver sections with the highest levels of cytoplasmic 
glycogen as demonstrated by the PAS/diastase method and were scattered randomly 
throughout the liver. Rare profoundly PAS-positive round intranuclear glycogen 
bodies were observed in these sections similar to those described by Caramia et al. 
(1968). It is likely that the 8% of abnormal hepatocyte nuclei for which there was no 
detectable PAS-positive staining resulted due to leaching of glycogen from 
hepatocytes during fixation and processing. Alternate fixation and processing 
techniques to improve the retention of glycogen in liver sections have been described 
(Chipps and Duff, 1942). 
 
Figure 4.7 removed from this version. 
 
 
 
 
 
 
 
Figure 4.7 Hepatic intranuclear inclusions in Perameles bougainville. (A) 
Haematoxylin and eosin stained liver section showing two abnormal hepatocyte nuclei; 
bar = 25 µm. (B) Periodic Acid Schiff (PAS) stain with positive intranuclear staining 
of an abnormal hepatocyte nucleus; bar = 25 µm. (C) Diastase pretreated, PAS stained 
liver section showing abolition of PAS-positive staining of hepatocyte intranuclear 
inclusions; bar = 25 µm. © American Association of Veterinary Laboratory 
Diagnosticians. Bennett et al. (2008a). 
 
Ultrastructurally, abnormal nuclei had peripherally marginated chromatin and nucleoli. 
No virions were seen in any hepatic nuclei examined. Occasional abnormal nuclei 
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arranged in α-rosettes. These glycogen inclusions were in direct contact with the 
nucleoplasm and appeared to have displaced the chromatin and nucleolus peripherally. 
No contact was observed between the nuclear membrane and the central glycogen 
inclusion, nor were cytoplasmic elements such as mitochondria, ribosomes or 
endoplasmic reticulum observed within the glycogen mass (Fig. 4.8). 
 
 
 
Figure 4.8 removed from this version. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 Transmission electron micrographs of hepatic intranuclear inclusions in 
Perameles bougainville; lead citrate and uranyl acetate stain. (A) Transmission 
electron micrograph of a glycogen intranuclear inclusion. The nuclear material (N) has 
been displaced peripherally. The centre of the nucleus is occupied by glycogen (G) 
arranged in β-particles and α-rosettes. The glycogen inclusion body is not part of a 
cytoplasmic invagination. (B) The fine structure of glycogen α-rosettes (G) is visible 
within the nucleus. Chromatin (C) has been displaced to the periphery of the nucleus. 
The nuclear membrane (M) is well-demarcated. © American Association of Veterinary 
Laboratory Diagnosticians. Bennett et al. (2008a). 
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humans with von Gierke’s disease (glucose-6-phosphatase deficiency), diabetes 
mellitus, Graves’ disease, Hodgkin’s disease, hepatitis, Wilson’s disease, Gilbert’s 
disease, carcinoma of the stomach, and following prednisolone treatment for 
disseminated lupus erythematosus (Chipps and Duff, 1942; Sheldon et al., 1962; 
Sparrow and Ashworth, 1965; Caramia et al., 1968; Ghadially, 1988; Cheville, 1994). 
There has been speculatation on a possible association between the occurrence of 
intranuclear glycogen inclusions and illnesses that lead to relative hypoxia in humans, 
however intranuclear glycogen is an accompaniment to many disease processes 
including inflammation, neoplasia and necrosis (Chipps and Duff, 1942). Nonetheless, 
it may be noteworthy that the western barred bandicoot with the most abundant 
intranuclear glycogen deposition was concurrently affected by numerous pulmonary 
metastases of a squamous cell carcinoma (Case Report A). 
 
Aged lactating and non-lactating clinically healthy ruminants and well-fed pre-
metamorphic tadpoles commonly have hepatic intranuclear glycogen accumulations, 
highlighting that intranuclear glycogen deposition is not necessarily indicative of a 
pathologic process (Himes and Pollister, 1962; Reid, 1973; Ghadially, 1988). 
 
It is possible for glycogen to be synthesized in situ within the interchromatin regions of 
the nucleus (Karasaki, 1971; Zimmerman et al., 1976). Some authors suggest glycogen 
may be translocated from the cytoplasm, across the nuclear membrane and accumulate 
in the nucleus, however, the experimental evidence to support this hypothesis is 
lacking (Ghadially, 1988). The illusion of intranuclear glycogen inclusions may 
sometimes be given by invagination of cytoplasmic elements (including glycogen) into 
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elements such as ribosomes, endoplasmic reticulum and mitochondria, and are 
delimited by the nuclear membrane (Ghadially, 1988). This study clearly demonstrates 
that western barred bandicoot hepatocyte nuclei can contain genuine intranuclear 
glycogen inclusions. The occurrence of glycogen intranuclear inclusions in 
hepatocytes does not appear to be related to the papillomatosis and carcinomatosis 
syndrome present in this species, but is rather an interesting but incidental finding of 
no apparent clinical significance. 
 
4.3.7 The biology of bandicoot papillomatosis carcinomatosis virus type 1 
Given the novel virus genome detected by RCA and PCR (Woolford et al., 2007), it 
was important to verify that both PV-like and PyV-like DNA sequences were 
detectable in situ within the lesions of the western barred bandicoot papillomatosis and 
carcinomatosis syndrome. The identical staining patterns of keratinocytes and 
sebocytes obtained using DNA probes constructed to anneal with L1, L2, LTag and 
stag ORFs as well as a BPCV1 genomic probe confirmed the presence of the novel 
virus genotype, including both PV- and PyV-like ORFs within lesions. Furthermore, 
the virus DNA sequences were found most prominently in basal keratinocytes of the 
epidermis and external root sheath, followed by keratinocytes of the stratum spinosum 
and to a lesser extent, stratum granulosum nuclei. This pattern of distribution is largely 
consistent with the expected biology of PV infections (Nicholls et al., 2001; Peh et al., 
2002; Howley and Lowy, 2007). Interestingly, nuclei of sebaceous cells also stained 
positively using this ISH technique.  Detection of virus DNA in sebocytes is unusual 
but not unprecedented: HPV DNA has been demonstrated by ISH in sebaceous 
carcinomas (Hayashi et al., 1994) and Micromys minutus papillomavirus has been 
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sebaceous cells and hair follicle keratinocytes staining positively, sweat gland nuclei 
showed no positive staining, indicating that the sweat gland cells may be refractory to 
infection with BPCV1, or not productively infected. 
 
These ISH results confirmed that BPCV1 DNA was present within the cutaneous and 
muco-cutaneous lesions of western barred bandicoot papillomatosis and 
carcinomatosis syndrome and suggested that ISH was a more sensitive test than PCR 
for FFPE tissue samples at detecting BPCV1 in papillomatous lesions from P. 
bougainville. ISH demonstrated BPCV1 DNA in 7 of 9 (77.8%) cases that tested 
negative using PCR. The single case for which ISH failed to detect BPCV1 DNA but 
PCR succeeded was a squamous cell carcinoma. The sensitivity of this ISH technique 
diminished as lesions progressed from benign to malignant histological grades.  
 
The riboprobe ISH experiments showed that BPCV1 mRNA species were transcribed 
only in the cell types that contained demonstrable amounts of BPCV1 DNA, namely 
sebocytes and keratinocytes, and that BPCV1 ORF transcription appeared to be linked 
with the stage of host cell differentiation. Contrary to expectations, pulmonary 
metastases did not contain BPCV1 mRNA transcripts. This indicates that a “hit-and-
run” mode of carcinogenesis may indeed be operating in the pathogenesis of this 
neoplastic process, though the mechanism of virus disappearance is thus far unknown. 
Certain SV40 T-antigen mutants can be inactivated by brief exposure to high 
temperatures (39-41 °C) (Rays et al., 1992). It is therefore conceivable that BPCV1-
containing malignant keratinocytes that invade the dermis and subcutis could lose the 
ability to support BPCV1 replication as they migrate from the cooler exterior into the 
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Alternatively, the sensitivity of the RNA ISH technique may be insufficient to detect 
low copy numbers of mRNA transcripts in dysplastic and neoplastic lesions. 
 
These experiments have provided a link between the conjunctival inclusion body-
containing lesions for which transmission electron microscopy and 
immunohistochemistry studies had proved so successful, to lesions found at all 
anatomic locations on papilloma-affected P. bougainville. Furthermore, clear and 
credible spatial and temporal associations between the presence of BPCV1 nucleic 
acids and the lesions of western barred bandicoot papillomatosis and carcinomatosis 
syndrome have been established. 
 
Due to the large numbers of house mice present at the Peron Captive Breeding Centre, 
it had been hypothesized that mice might be important biological vectors of the agent 
responsible for western barred bandicoot papillomatosis and carcinomatosis syndrome 
(A. O’Hara, personal communication, 2005). It had also been hypothesized that the 
western barred bandicoot papillomatosis and carcinomatosis syndrome might be 
zoonotic (A. O’Hara, personal communication, 2005). The experimental results from 
athymic mouse studies do not support either of these hypotheses. Mice do not appear 
capable of acting as biological vectors of BPCV1, though they could conceivably still 
act as mechanical vectors of this virus. Allied with the observation that humans in 
close contact with wart-affected western barred bandicoots have not yet developed 
papillomas, despite several years since initial exposure, it can be tentatively inferred 
that BPCV1 does not seem capable of infecting eutherians, even those without a 
functional adaptive immune system. Humans have the potential to act as mechanical 
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and hands following handling of wart-affected western barred bandicoots (Armin-
Grimm et al., 2007), however it appears likely that BPCV1 has a very restricted host 
range. 
 
4.3.8 The aetiology of western barred bandicoot papillomatosis and carcinomatosis 
syndrome 
Hill-Evan’s Postulates 
 
1. Prevalence of the disease should be significantly higher in those exposed to the risk 
factor than those not. 
 
In populations where BPCV1 has never been detected, namely Dorre Island, Heirisson 
Prong and Faure Island, the bandicoot papillomatosis and carcinomatosis syndrome 
has also not been diagnosed. Conversely, for those colonies where BPCV1 has been 
detected, the lesions of the western barred bandicoot papillomatosis and 
carcinomatosis syndrome have been detected in multiple individuals. This postulate is 
fulfilled. 
 
2. Exposure to the risk factor should be more frequent among those with the disease 
than those without. 
 
Detection of BPCV1 DNA was achieved by PCR of skin swabs in 88.5% of lesions 
consistent with the western barred bandicoot papillomatosis and carcinomatosis 
syndrome (Woolford et al., 2007). Only 28.6% of skin swabs taken from non-lesional 
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more frequent among individuals expressing the lesions of western barred bandicoot 
papillomatosis and carcinomatosis syndrome, and this postulate is fulfilled. 
 
3. In prospective studies, the incidence of the disease should be higher in those 
exposed to the risk factor than those not. 
 
No controlled prospective experimental studies were performed on P. bougainville due 
to their endangered status. Unfortunately, attempts to develop an in vitro model using 
cell culture techniques and a nude (athymic) mouse xenograft model were both 
unsuccessful. 
 
4. The disease should follow exposure to the risk factor with a normal or log normal 
distribution of incubation periods. 
 
In September 1998 at Peron Captive Breeding Centre, one clinical case of the western 
barred bandicoot papillomatosis and carcinomatosis syndrome was retrospectively 
detected. There was a gap of 21 months before the next clinical case was detected in 
that population. If, for the purposes of this calculation it is assumed that all the 
subsequent clinical cases detected at the Peron Captive Breeding Centre arose from 
this first case in September 1998, the temporal distribution of new clinical cases is 
consistent with a log-normal distribution (D’Agostino-Pearson test; P = 0.15021) with 
a mean incubation period of 36.5 months and standard deviation of 1.35 months. 
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the data are consistent with both normal and log-normal distributions (D’Agostino-
Pearson test; P=0.52869 and P=0.25057 respectively). For the untransformed data set, 
the mean incubation time is 32.9 months with a standard deviation on 5.66 months. 
The log-transformed data set indicates a mean incubation time of 32.4 months with a 
standard deviation of 1.20 months. This postulate is fulfilled. 
 
5. A spectrum of host responses along a logical biological gradient from mild to severe 
should follow exposure to the risk factor. 
 
The expressions of disease seen were epithelial hyperplasia, carcinomas in situ and 
squamous cell carcinomas. These classifications follow an increasingly dysplastic 
progression from benign proliferation to locally invasive and potentially metastatic 
neoplasia. Over time, minimally dysplastic lesions spread and developed into more 
dysplastic lesions. It is probable that infected individual P. bougainville, shed virions 
that can be auto-infective, therefore, a dose-response relationship is difficult to judge. 
Rather, worsening clinical signs and histological grades of lesions over time might be 
considered evidence in support of this postulate. 
 
6. A measurable host response should follow exposure to the risk factor in those 
lacking this response before exposure or should increase in those with this response 
before exposure. This response should be infrequent in those not exposed to the risk 
factor. 
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are now available to enable this in the future. No specific haematological or clinical 
chemistry changes occurred in association with the papillomatosis and carcinomatosis 
syndrome (Chapter 2). The only host response associated with exposure to BPCV1 was 
development of papillomatous hyperplasia, carcinoma in situ and squamous cell 
carcinoma. 
 
7. In experiments, the disease should occur more frequently in those exposed to the 
risk factor than in controls not exposed. 
 
The nude (athymic) mouse xenograft experiments failed, however, in captive breeding 
programs, apparently healthy P. bougainville only developed clinical papillomatosis 
following exposure or close proximity to either another individual expressing 
papillomas, or an individual that later expressed papillomas (L. Woolford, personal 
communication, 2008). These observations are consistent with the spirit of this 
postulate.  
 
8. Reduction or elimination of the risk factor should reduce the risk of the disease; and 
9. Modifying or preventing the host response should decrease or eliminate the disease. 
 
No therapeutic trials have yet been undertaken, however, when papillomatous lesions 
were detected on P. bougainville from Dryandra Woodland, these individuals were 
translocated to Kanyana Wildlife Rehabilitation Centre, and this action may have 
reduced the occurrence of new clinical cases at Dryandra Woodland as a result. No 
conclusions can be made regarding this postulate at this stage, however, possible future 
 228treatment trials, vaccination programs and captive breeding experiments may better 
elucidate these points. 
 
10. All findings should make biological and epidemiological sense. 
 
Papillomaviruses are known to induce hyperplastic and even neoplastic lesions. The 
transforming ability of PyV T antigens is also well known. Therefore, the association 
between BPCV1 and the lesions of the western barred bandicoot papillomatosis and 
carcinomatosis syndrome is entirely plausible. The temporal distribution of lesion 
appearance, captive breeding experiments and the appearance of papillomas in 
apparently healthy P. bougainville only after contact with an individual that expressed 
or eventually developed papillomas constitute strong evidence in support of an 
infectious disease process. Modeling western barred bandicoot papillomatosis and 
carcinomatosis syndrome as an infectious disease makes good epidemiological and 
biological sense, thus fulfilling this postulate. 
 
Susser’s criteria 
 
1. Consistency of the association 
 
The association between BPCV1 and western barred bandicoot papillomatosis and 
carcinomatosis syndrome has been consistently upheld by PCR screening of skin 
swabs, in situ hybridization, transmission electron microscopy, and virus isolation 
studies. The number, diversity and stringency of these tests indicates a consistent and 
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carcinomatosis syndrome.  
 
2. Strength of the association 
 
Skin swabs of papillomatous lesions, carcinomas in situ and squamous cell carcinomas 
were positive for BPCV1 DNA in 95.2%, 87.5% and 85.7% of cases respectively 
(Woolford et al., 2007). In situ hybridization of FFPE papillomatous lesions, 
carcinomas in situ and squamous cell carcinomas were positive for BPCV1 DNA in 
81%, 70% and 29% of cases respectively. These figures indicate a very strong 
association between BPCV1 and the western barred bandicoot papillomatosis and 
carcinomatosis syndrome. 
 
3. Specificity of the association 
 
The putative cause, BPCV1, is a unique agent, not previously known to science. Given 
sufficient time, its presence in western barred bandicoot keratinocytes and sebocytes 
seems to consistently lead to papillomatous hyperplasia, carcinoma in situ and 
squamous cell carcinoma development. If one considers the ‘effect’ to be 
dysregulation of the cell cycle, then the presence of BPCV1 DNA within keratinocyte 
and sebocyte nuclei has a unique effect. 
 
 2304. Coherence of the association 
 
The association between BPCV1 and the western barred bandicoot papillomatosis and 
carcinomatosis syndrome is consistent with current scientific knowledge and theory 
regarding viral carcinogenesis mediated by PVs and PyVs in humans, avians and 
eutherians. The temporal and statistical coherence of this association have also been 
satisfied, as described previously. 
 
5. Predictive performance of the association  
 
The presence of an oncogenic protein encoded by BPCV1 was predicted, based on the 
apparent biological behaviour of the lesions of western barred bandicoot 
papillomatosis and carcinomatosis syndrome. This prediction was borne out by the 
sequence data which indicated encoded PyV-like small and Large tumour antigens. 
Furthermore, the occurrence of similar lesions in related bandicoot species was 
predicted to be associated with BPCV1 or a closely related virus, and this was also 
verified (Chapter 5).  
 
Further work may enable all of the Hill-Evans postulates to be fulfilled in this case, 
however, according to the definition for ‘cause’ given by Lilienfield and Lilienfield 
(1980) and because every one of Susser’s criteria have been met, BPCV1 should now 
be considered a cause of western barred bandicoot papillomatosis and carcinomatosis 
syndrome.  
 
 2314.3.9 Answers to some frequently asked questions 
4.3.9.1 Why does Dorre Island appear to be free of BPCV1 infection? 
Recent expeditions to Dorre Island have failed to detect BPCV1 in western barred 
bandicoots or lesions suggestive of the papillomatosis and carcinomatosis syndrome. 
Though these results do not guarantee the absence of BPCV1 on Dorre Island, the 
possibility remains that Dorre Island P. bougainville could be BPCV1-free. 
 
Presumably, P. bougainville infected with BPCV1 were distributed throughout the P. 
bougainville populations of Sahul (Mulvaney and Kamminga, 1999). When sea levels 
rose 12,000 - 15,000 years ago, some infected P. bougainville became stranded on 
islands and BPCV1 cycled through the island-bound host populations. At the time that 
Bernier Island and Dorre Island became separated from one another, it is likely that 
BPCV1-infected P. bougainville were to be found on both islands. 
 
Matings between Dorre and Bernier Island-derived parents produced offspring that 
were susceptible to BPCV1 infection, and some P. bougainville translocated from 
Dorre Island to BPCV1-infected colonies did develop papillomatous lesions (L. 
Woolford, personal communication, 2008). Therefore, Dorre Island P. bougainville 
have not evolved special resistance to this virus.  
 
All the specimens of P. bougainville kept at the Museum of Victoria in Melbourne, 
British Museum (Natural History) in London and the Museum National d’Histoire 
Naturelle in Paris were examined for lesions consistent with the papillomatosis and 
carcinomatosis syndrome. Of particular note was one adult male P. bougainville 
collected from Dorre Island on 27
th August 1910 that had an 8 mm diameter raised 
 232alopecic irregular cutaneous papilloma on the intermandibular skin (BMNH # 
10.12.25.5 (10572)). There were also 2 adult female specimens in the Museum of 
Victoria archive that had been collected from mainland Western Australia in 1874 with 
suspicious lesions. Specimen number C5901 had a possible pouch lesion and C5902 
had some focal alopecia on the left lateral metatarsophalangeal area. 
  
Mathematical models of infectious diseases define a value ‘R0’ which is a crucial 
indicator of the fate of an infection in a population. If R0 has a value equal to or greater 
than unity, the infection is maintained within a population; if R0 is less than unity, the 
infection will decline and eventually be eliminated from the population (Anderson, 
1995). For simple, horizontally transmitted viral infections that induce lifelong 
protective immunity, the following equation is applicable: 
 
R0 = βXD 
Where β is the transmission probability; X is the population density of susceptible 
hosts; and D is the average lifespan of an infectious host (Anderson, 1995). 
 
Thus, for an infection to persist (R0≥1), a critical population density XT can be defined: 
XT = 1/(βD) 
 
For susceptible population densities less than XT, the infection will not persist 
(Anderson, 1995). 
 
It is possible that the population density of susceptible P. bougainville on Dorre Island 
remained below XT for some time, eradicating BPCV1 from that Island, while leaving 
 233Bernier Island P. bougainville with the infection. Devastating Dorre Island fires have 
been recorded in 1860, July 1909 and September 1973 (Hancock et al., 2000) and 
these or other catastrophes could have driven the P. bougainville population density on 
Dorre Island below XT.  
 
However, the apparent lack of BPCV1-positive cases may be misleading. Only with 
more thorough sampling of P. bougainville from the sites currently deemed BPCV1-
free will their true status be known. 
 
4.3.9.2 Does BPCV1 represent a serious threat to western barred bandicoots?  
This virus is associated with lesions that initially do little to harm the host. The 
appearance of the earliest, most subtle lesions often comes after the animal has 
exceeded its life expectancy, and usually well after sexual maturity (L. Woolford, 
personal communication, 2008). The lesions can develop into severe ulcerating or 
space-occupying lesions that can lead to profound morbidity, but these typically occur 
in old animals, well beyond their expected lifespan (Woolford et al., 2008). Wild 
bandicoots are less likely to suffer the prolonged debilitating effects of BPCV 
infection, due to survival pressures in the wild. For these reasons, BPCV1 should 
mainly be considered a threat to the health and well-being of P. bougainville kept in 
captivity, whose lifespans are artificially prolonged, allowing the papillomatosis and 
carcinomatosis syndrome to develop its most debilitating manifestations. 
 
The two major determinants governing the number of living P. bougainville in recent 
history have been the amount of recent rainfall in the Shark Bay region and the 
presence of predators – particularly feral cats – within major populations’ habitats 
 234(Short, 2007). The real threats to the continued survival of western barred bandicoots 
include protracted drought, predator incursions and natural disasters. To guard against 
these threats, more P. bougainville colonies should be established in predator-proofed 
arid and semi-arid locations around Australia.  
 
4.3.9.3 Should western barred bandicoot captive breeding programs be abandoned? 
Captive breeding programs should not be abandoned. The captive breeding programs 
undertaken to date have proven that P. bougainville can be managed in captivity with 
great success (Butcher, 2007; Noakes, 2007).  
 
For the welfare of individuals within captive breeding programs, it would be 
advantageous to establish specific pathogen free colonies from which BPCV1 infection 
had been excluded. In this way, individuals could live in captivity well beyond their 
expected lifespan without experiencing the debilitating effects of the western barred 
bandicoot papillomatosis and carcinomatosis syndrome. It would also be advantageous 
to introduce more Bernier Island P. bougainville genes into the captive breeding 
population, to maximize heterosis. This could be achieved, with minimal risk of 
transmitting BPCV1, using artificial insemination or other reproductive technologies. 
Alternatively, rigorous quarantine procedures could be employed to derive P. 
bougainville descended from Bernier Island stock that are known to be free of BPCV1, 
for subsequent use in specific pathogen free captive breeding programs. 
 
 2354.3.10 Further research 
4.3.10.1 Antiviral treatment 
Cidofovir (Vistide®, Gilead Sciences) is an antiviral drug that has shown promising 
results in the treatment of humans with PV and PyV infections. It is an acyclic 
nucleoside phosphonate that inhibits viral DNA polymerases (Bernard, 2004).  
Cidofovir has a broad spectrum of antiviral activity against herpes-, papilloma-, 
polyoma-, adeno- and pox-virus infections (De Clerq and Holỳ, 2005). The antiviral 
properties of cidofovir are unexpected in PV and PyV infections since these viruses do 
not encode DNA polymerases, so cidofovir must have other, as yet undetermined, 
antiviral properties (Bernard, 2004). 
 
Recent research indicates that several new compounds, based on cidofovir, are 
selectively active against mouse PyV and SV40 in cell culture and show great potential 
in the treatment of PyV infections (Lebeau et al., 2007).  
 
The dose-limiting side effect of cidofovir in humans is nephrotoxicity (Keating, 1999). 
It is potentially teratogenic and carcinogenic and other possible side effects include 
hypospermia, ocular hypotony, metabolic acidosis, anaemia and neutropaenia 
(Keating, 1999). These risks should be thoroughly considered before initiating 
treatment trials of acyclic nucleoside phosphonate derivatives in western barred 
bandicoots. 
 
Imiquimod (Aldara
TM, 3M Pharmaceuticals) is an immune modifying drug thought to 
stimulate a local TH1 cell-mediated immune response (Stanley, 2002; Bernard, 2004). 
 236Reports have attested to its successful use in treating HPV-associated cutaneous and 
muco-cutaneous lesions (Stanley, 2002). 
 
Podophyllotoxin and podophyllin resin have been used topically in the treatment of 
genital and cutaneous warts. It is an antimitotic agent that induces tissue necrosis, but 
its use is not recommended due to a high recurrence rate (up to 65%) and numerous 
adverse effects (Bernard, 2004). 
 
The mechanism of action of 5-fluorouracil in treating papillomas is unknown, though it 
has been used successfully to treat precursor human genital papillomas (Syed et al., 
2000; Bernard, 2004). It is also used in combination with other chemotherapeutic 
agents, surgery and radiotherapy in treating human cervical neoplasia (Bernard, 2004).  
 
Most promising of these potential treatment modalities are cidofovir and other acyclic 
nucleoside phosphonate derivatives. These and other compounds could be trialed in the 
hope of successfully treating P. bougainville affected by papillomas in captivity. 
Treatment trials could employ the clinical pathology data presented in Chapter 2 to 
monitor P. bougainville for sub-clinical signs of toxicity, and any apparent lesion 
resolution could be confirmed using DNA and RNA ISH of biopsies collected from the 
treated sites. 
 
4.3.10.2 Specific pathogen free P. bougainville captive breeding colony 
Establishing captive breeding colonies of P. bougainville in which BPCV1 has been 
excluded could do away with the need to treat the papillomas and carcinomas caused 
by BPCV1. There are now 2 P. bougainville populations that may indeed be BPCV1-
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rigorous laboratory testing could provide BPCV1-free individuals with which more 
BPCV1-free colonies could be established. The genetic heterogeneity of captive 
breeding colonies could be increased through introduction of BPCV1-free breeding 
individuals from other sources. However, rigorous quarantine measures or 
reproductive technologies, would need to be employed to ensure that such 
introductions did not inadvertently also introduce BPCV1 into BPCV1-free colonies. 
 
4.3.10.3 Therapeutic and prophylactic vaccination for BPCV1 infection 
Vaccination to treat or prevent BPCV1 infection may be possible. The literature 
regarding vaccines for PV infections would indicate that a prophylactic vaccine should 
elicit a primarily humoral immune response to conformational epitopes on the 
structural proteins of the virus capsid (Bernard, 2004; Lowy and Schiller, 2006). 
Current technologies utilize empty virus like particles (VLPs) as the antigen (Lowy 
and Schiller, 2006). These VLPs are constructed by expressing the major capsid 
protein (L1) with or without the minor capsid protein (L2) of the PV of interest (Lowy 
and Schiller, 2006). The antibodies they evoke in vaccinated hosts are protective 
against challenge by the specific PV type(s) included in the vaccine (Lowy and 
Schiller, 2006). 
  
Therapeutic vaccines for treating PV infections target early proteins and attempt to 
primarily stimulate cell mediate immune responses (Bernard, 2004; Vambutas et al., 
2005). Certainly, if therapeutic vaccination were to be attempted, the antigen would 
need to be chosen carefully. A truncated T-antigen protein, lacking any important 
functional domains may be appropriate. 
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DNA vaccination is another potential modality that could be employed. With this 
technique, virus DNA is inoculated into the host cells and the inoculated cells produce 
the polypeptide encoded by the DNA vaccine (Stanley et al., 2001; Garmory et al., 
2003). Eventually, the host’s immune system mounts a response against the viral 
polypeptide and becomes resistant to the virus (Garmory et al., 2003; Hu et al., 2006; 
Hu et al., 2007). Such a system may be appropriate for the prophylactic or therapeutic 
vaccination of small numbers of intensively managed animals (Hu et al., 2006; Lin et 
al., 2006; Hu et al., 2007).    
 
4.3.10.4 Ongoing monitoring of captive and natural P. bougainville populations 
It is important that regular monitoring of all captive and wild western barred bandicoot 
populations continues. Population and reproductive data should be routinely recorded 
at the same time as monitoring for diseases. Future researchers should be mindful of 
the potential for BPCV1 to be carried on fomites to apparently BPCV1-free colonies, 
and undertake appropriate hygiene measures before and after visiting western barred 
bandicoot colonies. 
 
 2394.3.10.5 Researching other wart diseases in marsupials 
More detailed molecular characterization of the putative PV types already detected in 
skin swabs and skin lesions from other Australian animals (Perrott et al., 2000; 
Antonsson and McMillan, 2006) may rapidly advance the scientific understanding of 
PVs and BPCVs. Papillomas have also been detected in the New World marsupial 
species Didelphis sp. and Monodelphis domestica (Koller, 1972; Kusewitt et al., 1991) 
and complete genomic sequencing of the associated viruses would reveal whether they 
belong to the BPCVs or PVs. Papillomas from the quokka (Setonix brachyurus) and 
eastern grey kangaroo (Macropus giganteus) have been attributed to poxvirus 
infections (Papadimitriou and Ashman, 1972; McKenzie et al., 1979), but 
parapoxvirus-papillomavirus co-infections have also been described (Gerdes and van 
der Lugt, 1991). Certainly, eastern grey kangaroos can carry PV-like DNA on their 
apparently healthy skin (Antonsson and McMillan, 2006). 
 
The ability of RCA to amplify circular double stranded DNA virus genomes without 
prior knowledge of the DNA sequence has facilitated the rapid genomic 
characterization of many novel viruses from a range of host species (Rector et al., 
2004; Rector et al., 2005; Johne et al., 2006; Van Doorslaer et al., 2006; Ogawa et al., 
2007; Rector et al., 2007; Woolford et al., 2007; Tobler et al., 2008). Indeed, one such 
virus from a southern brown bandicoot, was discovered and characterized in just this 
way and is the subject of the next and final chapter of this thesis. 
  
 2404.4 Conclusions 
Though attempts to prove the transmissibility of BPCV1 using cell culture and a nude 
(athymic) mouse xenograft model proved unsuccessful, a strong association between 
BPCV1 and the western barred bandicoot papillomatosis and carcinomatosis syndrome 
has been established. 
 
In situ hybridization techniques demonstrated BPCV1 DNA and RNA within the 
papillomatous lesions typical of the syndrome and confirmed that the same virus was 
present at all the anatomic locations in which papillomatosis had developed. BPCV1 
DNA was restricted to the nuclei of affected keratinocytes and sebocytes, but became 
less readily demonstrable in dysplastic and neoplastic lesions. Furthermore, the same 
virus was detectable in modern and archival tissue sections, linking the cases detected 
earlier in this decade to those examined during these current investigations. 
Transcribed BPCV1 RNA was demonstrated in the cytoplasm of keratinocytes from 
lesions in whose nuclei BPCV1 DNA had been detected, however BPCV1 RNA was 
not readily demonstrable in highly dysplastic, neoplastic or metastatic lesions. While it 
is possible that the sensitivity of the DNA and RNA ISH tests are too low to detect low 
copy numbers of BPCV1 nucleic acids, this result hints at a possible hit-and-run mode 
of carcinogenesis. 
 
Virus particles with a buoyant density of 1.28 g/mL in CsCl and an average diameter 
of 47 nm were isolated from papillomatous lesions from a P. bougainville with 
extensive lesions. The morphology, size and buoyant density of the particles were 
consistent with PV and PyV capsids, again reinforcing that BPCV1 is a novel virus 
with features intermediate between Papillomaviridae and Polyomaviridae.  
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Intranuclear inclusions within hepatocytes from P. bougainville were unrelated to 
BPCV1 and in fact were due to accumulation of intranuclear glycogen. 
 
The evidence supporting a causal association between BPCV1 and the western barred 
bandicoot papillomatosis and carcinomatosis syndrome is compelling. Therefore, 
BPCV1 should be considered a cause of the western barred bandicoot papillomatosis 
and carcinomatosis syndrome and appropriate methods for treatment and prevention of 
this disease can be investigated and implemented. 
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Bandicoot papillomatosis carcinomatosis virus type 2 
  
5.1 Introduction 
5.1.1 A case of papillomatosis in Isoodon obesulus 
A moribund adult male southern brown bandicoot (Isoodon obesulus) (Shaw, 1797) 
was found at Lesmurdie, Western Australia (32° 00’S, 116° 02’E) in April 2007 and 
taken to Kanyana Wildlife Rehabilitation Centre (C. McCann, personal 
communication, 2007). During the initial veterinary examination conducted by Dr. 
Tim Oldfield at Wattle Grove Veterinary Hospital, multifocal to coalescing irregular, 
raised, alopecic and erythematous cutaneous plaques were observed over the flanks, 
face and limbs. Routine skin scraping was performed, but no ectoparasites or fungal 
pathogens were identified (C. McCann, personal communication, 2007). Initial 
treatment performed at Kanyana Wildlife Rehabilitation Centre on Dr. Oldfield’s 
advice included weekly oral ivermectin (Ivomec®, Merial) and miconazole 
nitrate/chlorhexidine gluconate (Malaseb, DVM) baths. During this treatment, the 
patient’s weight and level of activity increased. Improvement of the general condition 
of the skin was noted at a follow up veterinary examination, but the irregular raised 
skin plaques persisted (C. McCann, personal communication, 2007). Since the skin 
lesions found on this I. obesulus were similar to the skin lesions found on severely 
papillomatous P. bougainville, the Kanyana Wildlife Rehabilitation Centre volunteers 
and Dr. Oldfield suspected BPCV1 or a related virus might be involved. The patient 
was brought to Murdoch University for further diagnostics. 
 
 2435.1.2 The significance of papillomatosis in Isoodon obesulus 
Southern brown bandicoots inhabit southern mainland Australia, Tasmania and also 
several islands off the southern coast of Australia (Braithwaite, 2002). A sub-species, 
Isoodon obesulus peninsulae occurs on the northern tip of the Cape York Peninsula, 
Queensland (Braithwaite, 2002). I. obesulus is nocturnal, omnivorous and adults 
usually weigh 400-1600 g (Braithwaite, 2002). Its habits and natural history are 
comparable to those described for P. bougainville in Chapter 1. In Western Australia, 
this species is commonly known as the ‘quenda’, the name given to I. obesulus by 
local indigenous Australians (Braithwaite, 2002). 
 
The genera Perameles and Isoodon are thought to have diverged from a common 
ancestor bandicoot approximately 10 million years ago, according to mitochondrial 
DNA evidence (Nilsson et al., 2004). The physical fossil record indicates that P. 
bougainville, P. nasuta and I. obesulus were sympatric in the Darling Downs region of 
south eastern Queensland 40,000 - 45,000 years ago (Price, 2004). P. bougainville and 
I. obesulus may also have been sympatric in the southern half of mainland Australia 
prior to the recent extirpation of mainland-dwelling P. bougainville (Ashby et al., 
1990; Friend, 1990; Kemper, 1990; Menkhorst and Seebeck, 1990). P. bougainville 
shares several parasitic infections with I. obesulus (see Appendix 6.3), therefore it 
seemed plausible that these two related bandicoot species might also share 
susceptibility to a virus. The discovery of papillomas in I. obesulus afforded an 
unexpected but valuable opportunity to more profoundly comprehend the aetiology 
and significance of papillomatosis in peramelids. 
 
 2445.1.3 Publications and presentations 
Preliminary findings were presented at the Wildlife Diseases Association – 
Australasian Chapter conference held at Dryandra, Western Australia in September 
2007. A manuscript reporting the research described in this chapter has been accepted 
for publication in Virology (Bennett et al., 2008d).  
 
5.2 Materials and methods 
5.2.1 Clinical examination and biopsy collection 
The patient was anesthetized using isoflurane (Isorrane, Baxter Healthcare) and 
oxygen delivered by mask. External examination revealed numerous multifocal to 
coalescing flat alopecic cutaneous plaques involving approximately 10-15% of the 
total skin surface area. These lesions were evident on the fore- and hindpaws, fore- and 
hindlegs, thorax, flanks, lips, chin and face. The claw of the left lateral digit was 
overgrown and deformed medially across the palmar aspect of the left forepaw (Fig. 
5.1A-C). Nonetheless, the animal was in excellent body condition and appeared 
otherwise healthy. 
 
Surgical sites were prepared aseptically and a sterile 5 mm circular punch biopsy 
instrument was used to collect three samples of skin for further analysis. The skin 
wounds were closed with topical skin adhesive (Dermabond®, Ethicon) and 0.05 mL 
penicillin (Norocillin LA, Norbrook Laboratories) was administered subcutaneously. A 
small blood sample was collected by caudal venipuncture into EDTA (Microtainer®, 
Becton-Dickinson) using a 25 gauge needle and syringe and blood smears were made, 
rapidly air-dried and subsequently stained as previously described. 
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Figure 5.1 removed from this version. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Severe multicentric papillomatosis in a southern brown bandicoot (Isoodon 
obesulus). Affected areas were found all over the body including the face (A), 
forelimbs (B), hindlimbs, thorax and abdomen (C). The claw of the lateral digit of the 
left forelimb (B) was elongated and had deviated medially to lie across the palmar 
aspect of the manus. (D) Histologically, there was mild orthokeratotic hyperkeratosis 
with a hyperplastic and mitotically active stratum basale. The strata spinosum and 
granulosum were hyperplastic and displayed anisocytosis, anisokaryosis and 
occasional suprabasilar mitoses (arrow). There was also a mild neutrophilic 
inflammatory infiltrate in the superficial dermis. Haematoxylin and eosin; bar = 50 
μm. (Bennett et al., 2008d). 
 2465.2.2 Diagnostic testing 
5.2.2.1 Histopathology 
Skin biopsy material was fixed for 4 hours in 10% neutral buffered formalin and then 
processed through graded alcohols and cleared in xylene using a Leica EG 1150C 
automatic processor (Leica Microsystems) before embedding in paraffin wax. Blocks 
were sectioned at 5 μm with a Leica 2135 microtome (Leica Microsystems) and placed 
on silanised glass microscope slides (ProSciTech). Slides were dewaxed in xylene, 
rehydrated through graded alcohols and stained with Harris’ haematoxylin and 1% 
eosin, Gram Twort to demonstrate bacteria or Periodic Acid Schiff to demonstrate 
fungi.  The slides were then permanently mounted with DPX, for examination by light 
microscopy.  
 
5.2.2.2 Fungal culture 
One of the skin biopsies was submitted to the Murdoch University clinical pathology 
laboratory for fungal culture. Two Sabaraud’s agar plates, one containing 
chloramphenicol and gentamicin, the other containing chloramphenicol and 
cyclohexamide were inoculated with the skin sample and incubated at room 
temperature for more than 1 week.  
 
5.2.2.3 Immunohistochemistry 
A slide was dewaxed and rehydrated as above, then subjected to antigen retrieval using 
tris-EDTA buffer pH 9 and heated in a microwave (Kambrook, model: KER-686LE, 
1150W) for four cycles of four minutes, twice on the reheat and twice on the low 
power setting. Endogenous peroxidase activity was blocked using 3% hydrogen 
peroxide and non-specific antibody binding was blocked with serum-free protein 
 247blocking agent (DakoCytomation). Rabbit polyclonal anti-bovine papillomavirus type 
1 antibody (DakoCytomation) was diluted 1:600 with antibody diluent 
(DakoCytomation) and applied to tissue sections for 30 minutes, and rinsed thoroughly 
with phosphate buffered saline (PBS). Primary antibody binding was detected using 
the Envision
+ R System Polymer-horseradish peroxidase (HRP) anti-rabbit secondary 
antibody solution (DakoCytomation) applied to sections for 30 minutes and washed 
thoroughly with PBS. Sections were then incubated in HRP substrate solution 
(DakoCytomation) for 3 minutes and rinsed in tap water. The slide was counterstained 
lightly with Harris’ haematoxylin, dehydrated, cleared and mounted in DPX. Positive 
control tissue was obtained from a canine oral papilloma and this was subjected to the 
same conditions described above. A negative control slide was produced which simply 
omitted the addition of the primary antibody.  
 
5.2.2.4 Transmission electron microscopy   
Several 1-2 mm
3 pieces of papillomatous skin were fixed in 5% glutaraldehyde at 4 °C 
overnight. The pieces were washed in Sorensen’s phosphate buffer and post-fixed in 
Dalton’s chrome osmic acid, dehydrated through graded alcohols, transferred into 
propylene oxide, propylene oxide/Epon 812 and embedded in pure Epon 812 (all these 
reagents from TAAB Laboratories Equipment). Blocks were cut to 1 μm and stained 
with toluidine blue. Sections that contained keratinocytes were identified for further 
processing. These blocks had ultra thin sections cut, mounted on grids and stained with 
lead citrate and uranyl acetate. The grids were then examined using a BioTwin CM 
100 transmission electron microscope (Philips, Eindhoven, Holland) at an accelerating 
voltage of 80 kV.  
 
 2485.2.2.5 DNA extraction 
Total DNA was extracted from 25 mg of finely minced papillomatous skin collected 
from the lateral thorax, using the DNeasy Tissue Kit (Qiagen) according to the 
manufacturer’s protocol.  
 
5.2.2.6 Multiply primed rolling circle amplification 
Multiply primed rolling circle amplification (RCA) was performed using the 
TempliPhi
TM 100 Amplification Kit (Amersham Biosciences) on a 1 μL aliquot of the 
extracted DNA using a modified manufacturer’s protocol (Rector, Tachezy and Van 
Ranst, 2004) as described in Chapter 4.  
 
5.2.2.7 Restriction enzyme analysis 
Four 2 μl aliquots of the RCA product were digested with 10 units of BamHI, SalI, 
HindIII or EcoRI (Promega) for 8 hours at 37 °C. Following digestion, 15 μl of each 
digest was subjected to electrophoresis through a 1% agarose gel laced with ethidium 
bromide. The resulting bands were visualized on a UV transilluminator. Subsequent 
experiments made use of BglII and KpnI following the same protocol. 
 
5.2.2.8 Preliminary PCR testing 
PCR reactions were carried out in a total volume of 40 μL with the following final 
concentrations of reagents 200 μmol/L each dNTP, 1× PCR reaction buffer, 1.5 
mmol/L MgCl2 pH 8.5, 200 nmol/L of each primer (see Table 5.1) and 3.75 U/mL Taq 
DNA polymerase with 2 μL of a 1:100 dilution of BPCV2 DNA amplified by the RCA 
technique as template. Positive controls using 2 μL of a 1:100 dilution of the BPCV1 
RCA product as template were included for each primer pair. This mixture was 
 249subjected to 95 °C for 3 minutes, then 25 cycles of 30 seconds at 95 °C, 30 seconds at 
58 °C and 45 seconds at 72 °C, followed by 7 minutes at 72 °C in an automated 
thermocycler (Perkin Elmer Gene Amp PCR System 2400). The success of the 
reaction was checked by visualizing an amplicon of expected size in a 1% agarose gel 
laced with ethidium bromide, electrophoresed at 90 V for 35 minutes and viewed on a 
UV transilluminator. 
 
Table 5.1 PCR primer pairs used during the initial screening of the DNA amplified 
from papillomatous skin lesions from an Isoodon obesulus. 
Primer Forward  Reverse  Size 
L1  AGATTGGCGTTCCTAAGGTG TCATCATCCCCTTCTTTTGC  250 
LTag  TGCAAAGTCCGCTAAGGATT TGTGGCGAATCATCTTTGTC  184 
LTagR  GTTAATGGAATTCCTGATAGATTGCA GAAATCTTTAGTAAAGGATCCAGAATAC 426 
Stag  ATTCTGGATCCAGTGAGGGAA CCCATAATTAACAGAATTCATCAGTGA  308 
L2r  GGAACAAGAATTCTAAAACCTCCA GCTTCTGGATCCATCAACCTA  647 
L2  AAGGACAAAATTGAAGGAACCA ACAGCATCAACTGGGAGGAT  236 
L1r  GGTAATATGAATTCTAAAGCCCTTA AGAATTCTAGGATCCATTGCATTTA  590 
FAP59/64*  TAACWGTIGGICAYCCWTATT CCWATATCWVHCATITCICCATC 450 
*W = T/C; I = inosine; Y = C/T; V = A/C/G; H = A/C/T (Forslund et al., 1999) 
 
5.2.3 Cloning 
The BPCV2 genome, amplified by RCA was linearized using KpnI (which had only 1 
recognition site in the L2 ORF of the BPCV2 genome). A 1 µg aliquot of pGEM 3f(+) 
(Applied Biosystems) was linearized with KpnI and dephosphorylated with 2 U calf 
intestinal alkaline phosphatase (Invitrogen) at 37 °C for 1 hour and purified using a 
PCR cleanup kit (Qiagen). The BPCV2 genome was cloned into the purified 
linearized, dephosphorylated pGEM 3f(+) plasmid using the Roche Rapid DNA 
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immediately transformed into competent Escherichia coli (Invitrogen, OneShot® 
MAX Efficiency® DH5α
TM-T1
R) and grown for 2 hours in rich media at 37 °C. The 
bacterial cells were plated onto LB-ampicillin agar plates (1% tryptone, 0.5% yeast 
extract, 1% NaCl and 1.5% agar (w/v) with 75 µg/mL ampicillin) spread with 50 µL 
X-gal (30 µg/mL), grown overnight and subjected to blue/white colony screening. 
Twelve white colonies were selected and screened using PCR for the virus genome 
insert. Insert-containing colonies were inoculated into ampicillin-treated LB broth 
cultures (1% tryptone, 0.5% yeast extract, 1% NaCl (w/v) with 75 µg/mL ampicillin) 
and grown overnight. Plasmids were prepared from the E. coli broth cultures using the 
QIAprep Spin Miniprep Kit (Qiagen) following the manufacturer’s instructions and 
screened by PCR using the stag primer pair described above as well as KpnI restriction 
digestion of the purified plasmids. 
 
5.2.4 Genome sequencing 
5.2.4.1 Sequencing primers 
Primers for genomic sequencing (Table 5.2) were designed based on the preliminary 
sequencing results and primer walking using the Primer3 on-line primer design tool 
(http://frodo.wi.mit.edu). 
 
5.2.4.2 Sequencing reactions 
Three plasmid preparations were selected and further purified by ethanol precipitation. 
Sequencing of the purified plasmid DNA was performed in triplicate for each of the 
two strands of 3 independent plasmid preparations with the Big Dye version 3.1 
terminator kit (Applied Biosystems) using the dideoxynucleotide chain termination 
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Applied Biosystems 377 automatic DNA sequencer (Applied Biosystems) at the State 
Agriculture and Biotechnology Centre, Perth, Western Australia. Chromatogram 
sequencing files were edited using Chromas Lite version 2.0 (Technelysium Pty. Ltd.) 
and the sequences aligned in BioEdit v.7.0.9.0 (Hall, 1999). The nucleotide sequence 
data (Appendix 6.4) were archived in GenBank, National Center for Biotechnology 
Information (NCBI) (http://www.ncbi.nlm.nih.gov) using the BankIt online 
submission tool (http://www.ncbi.nlm.nih.gov/BankIt) under accession number 
EU277647. 
 
Table 5.2 Sequencing primers used to determine the genome of bandicoot 
papillomatosis carcinomatosis virus type 2.  
Name Sequence  Name  Sequence 
SBB3F  TGCAGAACCACCTTTATCAGG  SBB9F  AAAGCCAGGTGGTAGCATTG 
SBB4R  GTGCAACTCCAGGAAACCAT  SBB9R  AAAGGGATGCCAGGTTTTTA 
SBB5F  GGGGGACGTTTGATAATCCT  SBB10F  GGACTCTGCAGGACCAAAAG 
SBB6F  CTGTGCTGAGAGACCACCAA  SBB10R  GATCACCAGGTGTACCTCCTCT 
SBB6R  GGCTTGTCAGTATGCAGTTGA  SBB11F  CCGAATATTACTCCGCCTGA 
SBB7F  AGGATGTCATCGGAACTTGA  SBB11R  GCCCTACAGGTACATCAGGA 
SBB7R  TGCTCAAAACCCGTGTCTAA  SBB13F  GCAACCCAACGGAAAAGTT 
SBB8F  TATACCTCTGCAGCCGCTCT  M13F  GTAAAACGACGGCCAGT 
SBB8R  CACACACCCTGCAGATGTTC  M13R  AGCGGATAACAATTTCACAC 
 
5.2.5 Sequence alignment 
Putative open reading frames (ORFs) were predicted using the NCBI online ORF 
Finder application (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). The online Basic 
Local Alignment Search Tool (BLAST) was used to search GenBank for similar 
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were translated (Appendix 6.5) using the online Expasy Translate tool and the 
theoretical isoelectric point and molecular mass were estimated using the online 
Compute pI/Mw tool (http://www.expasy.ch/tools). Pairwise sequence identity scores 
were determined for BPCV2 and BPCV1 nucleotide and amino acid sequences after 
alignment using the ClustalW function within the BioEdit software program (Hall, 
1999). The same protocol was repeated with the appropriate sections of 16 
polyomavirus (PyV) genomes (the avian PyVs CPyV [NC_007922], GHPyV 
[NC_004800], BFDV [NC_004764] and FPyV [NC_007923]; and the eutherian PyVs 
LPyV [NC_004763], WUV [NC_009539], JCV [NC_001699], HaPyV [NC_001663], 
BKV [NC_001538], Sa12 [NC_007611], BPyV [NC_001442], KIV [NC_009238], 
MPyV [NC_001515], MPnV [NC_001505], SquiPyV [NC_009951] and SV40 
[NC_001669]) and 16 papillomavirus (PV) types (α-PVs HPV6b [NC_001355] and 
HPV16 [NC_001526]; β-PVs HPV5 [NC_001531] and HPV92 [NC_004500]; δ-PV 
BPV1 [NC_001522]; ζ-PV EcPV [NC_003748]; η-PV FcPV [NC_004068]; θ-PV 
PePV [NC_003973]; ι-PV MnPV [NC_001605]; κ-PV CRPV [NC_001541]; λ-PV 
COPV [NC_001619]; μ-PV HPV1 [NC_001356]; ν-PV HPV41 [NC_001354]; ξ-PV 
BPV3 [NC_004197]; ο-PV PsPV [NC_003348]; and σ-PV EdPV1 [NC_006951]). 
 
5.2.6 Phylogenetics 
Phylogenetic studies were performed by Hans Stevens at the University of Leuven, 
Belgium. To determine the evolutionary relationship of the BPCV2 sequence to PV 
types, nucleotide sequences of the L1 ORF of BPCV2, BPCV1 and 53 animal and 
human PV-types were imported into the DAMBE software package version 4.2.13 and 
aligned at the amino acid level using ClustalW (Thompson et al., 1994; Xia and Xie, 
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aligned amino acid sequences as a template. The nucleotide alignment was corrected 
manually in the GeneDoc Multiple Sequence Alignment Editor and Shading Utility 
software package version 2.6.003 (Nicholas et al., 1997) and only the unambiguously 
aligned parts of the L1 ORF were used in the phylogenetic analysis. Based on this 
alignment, a phylogenetic tree was constructed using the neighbour-joining method in 
MEGA version 3.1 (Kumar et al., 2004). Bootstrap support values were obtained for 
10,000 replicates. 
 
For the LTag of BPCV2, the evolutionary relationship to PyVs was investigated. 
BPCV2, BPCV1 and 13 PyV species, for which a complete genomic sequence was 
available in GenBank, were included in the analysis. The predicted intron sequence 
within the BPCV2 LTag ORF could not be confidently identified therefore the analysis 
was performed on the complete LTag ORF, including intron sequences. The LTag 
nucleotide sequences were aligned with the ClustalW algorithm using DAMBE 
(Thompson et al., 1994; Xia and Xie, 2001). The Gblocks computer program version 
0.91b was used to remove the divergent regions and positions in which the sequences 
were ambiguously aligned (Castresana, 2000). Based on this corrected alignment, a 
neighbour-joining phylogenetic tree was constructed as described above. 
 
The calculations for estimating the time since BPCV1 and BPCV2 diverged from a 
common ancestor virus were based on the average mutation rates and associated 95% 
confidence intervals determined for the L1 and L2 ORFs of λ-PVs affecting hosts 
within Felidae (Rector et al., 2007). The mutation rate estimates were: L1 1.84 × 10
-8 
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-8 – 2.35 × 10
-8); and L2 2.13 × 10
-8 (1.46 × 10
-8 – 2.76 × 10
-8) nucleotide 
substitutions per site per year (Rector et al., 2007). 
 
5.2.7 In situ hybridization using BPCV1 DNA probes 
Paraffin blocks containing biopsies of the I. obesulus papillomas were cut and baked 
onto silanised slides. These were tested using the DNA probes and in situ hybridization 
conditions described previously (Bennett et al., 2008c).  
 
5.2.8 In situ hybridization using BPCV1 RNA probes 
The same digoxigenin-labeled RNA probes used to demonstrate BPCV1 mRNA 
species were used to detect mRNA species in sections of I. obesulus papillomas, 
according to the method described in Chapter 4. 
 
5.2.9 In situ hybridization using BPCV2 DNA probes 
Genomic DNA (1 µg) obtained from the RCA technique described above was 
incubated with 4 μL of nick translation digoxigenin-labeling kit mixture (Roche 
Diagnostics) in a total volume of 20 μL at 14 °C for 4 hours. An extra 1 μL of the nick 
translation digoxigenin-labeling kit mixture was added to the reaction tube and 
incubation at 14 °C was continued for a further 20 hours. A 1 μL aliquot of the 
reaction mixture was visualized on an ethidium bromide-laced 1% agarose gel 
electrophoresed at 90 V for 40 minutes to check that the genomic DNA had been 
digested to fragments shorter than 500 bp. The reaction was stopped with 1.25 μL of 
0.5 mol/L EDTA pH 8 and the mixture was heated to 95 °C for 3 minutes. 
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PCR using the L1, L2r and stag primer pairs (Table 5.1). PCR products were purified 
using the QIAquick® PCR purification kit (Qiagen) and DNA concentration 
determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies 
Inc.). Purified PCR product DNA (1 μg) was incubated with 4 μL of nick translation 
digoxigenin-labeling kit mixture (Roche Diagnostics) in a total volume of 20 μL at 14 
°C for 2 hours. A 1 μL volume of 0.5 mol/L EDTA pH 8 was added to stop the 
reaction and the mixture was heated to 95 °C for 3 minutes and stored at 4 °C. In situ 
hybridization experiments were conducted following the optimized DNA in situ 
hybridization protocol described previously (Bennett et al., 2008c). 
 
5.3 Results and discussion 
5.3.1 Initial diagnostics 
Routine histopathology revealed locally extensive epidermal hyperplasia of the strata 
spinosum and granulosum, with moderate anisokaryosis and anisocytosis of 
keratinocytes. There were also mild multifocal neutrophilic infiltrates in the superficial 
dermis and epidermis and mild dermal oedema. Rare suprabasilar mitotic figures were 
detected and occasionally the cytoplasm of stratum spinosum keratinocytes appeared 
vacuolated (koilocytes). There were also fewer hair follicles than normal (Fig. 5.1D). 
No parasitic, bacterial or fungal organisms were identified with any of the special 
histopathology stains. No PV capsid antigens were detected using the indirect 
immunohistochemistry technique on biopsy material from I. obesulus papillomatous 
plaques, though the positive control tissue section from a sample of COPV-infected 
tissue stained strongly positive. No fungal organisms were grown after 1 week’s 
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papillomatous lesions examined by transmission electron microscopy. 
 
Thus a diagnosis of papillomatous epidermal hyperplasia of unknown aetiology was 
made and photographs of the gross lesions and a haematoxylin and eosin stained slide 
of the histological skin lesions were deposited in the Australian Registry of Wildlife 
Health, Taronga Zoo, Mosman, NSW, Australia, ARWH No. 5925/1. 
 
Blood smear examination revealed the presence of low numbers of Hepatozoon sp. 
gamonts. This was considered an incidental finding, as Hepatozoon sp. infection in I. 
obesulus from metropolitan Perth is quite common and not apparently associated with 
any clinical signs. In a recent study, the estimated prevalence of this infection was 48% 
by light microscopic examination of stained blood smears and 58% by PCR of DNA 
extracted from blood samples (Wicks et al., 2006). 
 
5.3.2 Multiply primed rolling circle amplification and restriction enzyme analysis 
The RCA technique was successful, indicating that there was a circular DNA molecule 
present in the total DNA extracted from the papillomatous cutaneous lesions. 
Restriction enzyme digestion showed that SalI failed to cleave the RCA product; KpnI 
cut just once, producing a single band ~7.3 kb; BglII cut twice, resulting in two 
overlapping bands ~3.6 kb; EcoRI cut twice, resulting in two bands ~5.1 kb and ~2.2 
kb; BamHI cut 3 times, resulting in bands at ~5.1 kb, ~2.1 kb and 0.1 kb; and HindIII 
digestion produced 6 bands (Table 5.3). These results indicated that the circular DNA 
virus genome was ~7.3 kb and not identical to BPCV1, which had a different 
restriction enzyme banding pattern (Table 5.3). 
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Table 5.3 Restriction enzyme digestion results for BPCV2 and BPCV1. 
BPCV2 BPCV1  Enzyme 
name 
Recognition 
sequence  #  Fragment sizes (bp)  # Fragment sizes (bp) 
BamHI GGATCC  3  132, 2055, 5090  1 7295 
BglII AGATCT  2  3633, 3644  2 3287, 4008 
EcoRI GAATTC 2  2203, 5074  2 1813, 5482 
HindIII AAGCTT  6  124, 353, 708, 991, 1743, 3358  7 124, 351, 353, 615, 1491, 1864, 2497 
KpnI GGTACC  1  7277  1 7295 
SalI GTCGAC  0    1 7295 
 
5.3.3 Preliminary PCR results 
The positive control PCRs using BPCV1 as the template all succeeded. Only the L2r, 
L1, stag and FAP59/64 primer pairs were able to amplify regions within the I. 
obesulus-derived RCA product. The size of each of these amplicons was 
indistinguishable from those of the BPCV1 amplicons produced using the same primer 
combinations (~650 bp, ~250 bp, ~300 bp and ~450 bp respectively). This further 
reinforced that the I. obesulus-derived DNA contained a novel virus, that shared many 
similarities with BPCV1 including PV-like L1 and L2 structural protein ORFs and a 
PyV-like small t antigen-encoding ORF. The amplicons obtained in the successful 
PCRs were sequenced and aligned with the corresponding regions of the BPCV1 
genome. The L2, L1, stag and FAP59/64 amplicons showed 75%, 79%, 91% and 80% 
nucleotide identity with BPCV1 respectively and on the strength of these preliminary 
results, the novel virus was tentatively named bandicoot papillomatosis carcinomatosis 
virus type 2 (BPCV2). 
 2585.3.4 In situ hybridization 
5.3.4.1 DNA probes 
Strong positive staining of the nuclei of keratinocytes within I. obesulus biopsied 
papillomas was demonstrated using all 3 BPCV2 sub-ORF DNA probes and the 
BPCV2 genomic probe as well (Fig. 5.2A-D). Staining was limited to the nuclei of 
keratinocytes within the affected epidermis of biopsied lesions and did not involve any 
cells within the dermis or subcutis. There was more intense and frequent staining of 
basal keratinocytes than keratinocytes of the stratum spinosum or stratum granulosum, 
however staining of nuclei within all 3 of these layers was possible. RNase 
pretreatment did not have any demonstrable effect on staining location, frequency or 
intensity (Fig. 5.2E).  
Figure 5.2 removed from this version. 
 
 
 
 
 
 
 
 
 
Figure 5.2 DNA in situ hybridization results; Brazilin haematoxylin counter-stain; bar 
= 20 μm. (A) Genomic probe. (B) L1 probe. (C) L2 probe. (D) stag probe. (E) DNase-
free RNase pretreatment did not affect positive nuclear staining. (F) Genomic probe 
applied to Perameles bougainville papillomatous lesions did produce positive nuclear 
staining. (Bennett et al., 2008d). 
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bandicoots using the BPCV2 genomic and BPCV2 sub-ORF DNA probes showed 
some positive staining of nuclei of keratinocytes however BPCV1 probes used on I. 
obesulus papillomas did not stain positively at all (Fig. 5.2F) (Bennett et al., 2008c). 
This counter-intuitive lack of reciprocity may be due to slight differences in probe 
cocktail formulation, probe concentrations or probe labeling efficiency between the 
two DNA probe batches. It could equally be due to differences in the degree of tissue 
fixation, since the I. obesulus samples were fixed for 4 hours and the P. bougainville 
samples were fixed for >48 hours. It is conceivable that some western barred 
bandicoots might have simultaneous BPCV1 and BPCV2 infections however extensive 
PCR screening and sequencing data from papilloma-affected western barred 
bandicoots do not support this hypothesis (L. Woolford, personal communication, 
2007). Even though somewhat limited by the apparently imperfect specificity of 
BPCV2 DNA probes, in situ hybridization is a reliable screening technique for BPCV1 
and BPCV2 in formalin-fixed paraffin-embedded biopsy samples (Bennett et al., 
2008c). 
 
The in situ hybridization results confirm that both the PV-like and PyV-like parts of 
the BPCV2 genome can be found within the nuclei of epidermal keratinocytes of 
cutaneous papillomatous lesions of the affected southern brown bandicoot. This not 
only strengthens the association between the clinically apparent papillomatous lesions 
and the presence of BPCV2 DNA, but also supports the validity of the sequenced 
genome (Appendix 6.4). Interestingly, BPCV1 is known to infect both keratinocytes 
and sebaceous cells (Bennett et al., 2008c), and a similar predilection pattern for 
BPCV2 cannot be excluded at this stage, since very few sebaceous cells were present 
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from affected southern brown bandicoots are tested, the cellular tropism of BPCV2 
may become more clearly defined. 
 
5.3.4.2 RNA probes 
The L1, L2 and stag RNA probes designed for BPCV1 also demonstrated strong 
cytoplasmic staining of keratinocytes from I. obesulus papillomas and the RNA probe 
designed to anneal with BPCV1 Large T antigen (LTag) mRNA only stained the 
cytoplasm weakly (Fig. 5.3). The stratum granulosum and stratum spinosum stained 
most strongly for all these RNA probes, with no obvious difference between the 
pattern of structural gene and transforming gene expression. The RNA probes only 
stained the cytoplasm of cell types for which the DNA probes had revealed the 
presence of BPCV2 DNA within the nucleus. A sense RNA probe, generated as a 
negative control failed to stain any cells. Slides pretreated with DNAse-free RNase 
also failed to stain, indicating the formation of RNA:RNA hybrids. 
 
These results indicate that BPCV1 RNA probes were also able to detect BPCV2 
mRNA species and that the BPCV2 mRNA expression profile in I. obesulus was 
comparable to that of BPCV1-infected P. bougainville epidermal keratinocytes. 
 
5.3.5 Sequencing 
The genome of BPCV2 (GenBank accession number EU277647) was a single circular 
molecule of double-stranded DNA that comprised 7277 bp and had a GC content of 
37.52% (Appendix 6.4). ORF analysis and BLASTX searches predicted the presence 
of 2 classical PV-like structural protein ORFs and 2 classical PyV-like transforming 
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encoded on the opposite strand to the structural protein ORFs (Fig. 5.4). 
 
 
 
 
 
Figure 5.3 RNA in situ hybridization results from Isoodon obesulus papillomatous 
lesions; Brazilin haematoxylin counter-stain; bar = 20 µm. (A) L1 riboprobe. (B) L2 
riboprobe. (C) LTag riboprobe. (D) stag riboprobe. 
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Figure 5.4 Genome map of bandicoot papillomatosis carcinomatosis virus type 2. 
 
5.3.5.1 Non-coding regions 
Between nucleotide (nt) 1 and 840 was a non-coding region that contained putative 
TATA box sequences, T antigen binding sites (GAGGC), and a candidate site for the 
origin of DNA replication. This non-coding region corresponded with a similar non-
coding region (79.6% aligned nucleotide identity) in the BPCV1 genome. 
 
After alignment with BPCV1, a conserved TATA box sequence was detected ~40 bp 
upstream of the start codon of the L2 ORF. A conserved T antigen binding site was 
found ~90 bp upstream of the L2 ORF start codon but was encoded on the opposite 
DNA strand. Similarly, conserved TATA box sequences were detected ~50-60 bp 5’ of 
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nearly palindromic sequence (AGCCATTTTTTTTTTT(C/T)(A/C)GGCT) was found 
just near this TATA box sequence and is a candidate site for the origin of DNA 
replication. After more BPCVs have been sequenced, if any exist, the important 
conserved motifs within this first non-coding region may become clearer.  
 
Between the termination codons of the L1 and LTag ORFs was a second 1276 bp non-
coding region. There was a conserved GAGGC potential T antigen binding motif 
identified within this region of the genome. BPCV2 and BPCV1 showed the lowest 
degree of aligned sequence identity (73.9%) in this region on a nucleotide basis. 
 
A short 12 bp non-coding region was found between nt positions 2251 and 2262 of the 
BPCV2 genome, separating the L2 and L1 ORFs. 
 
5.3.5.2 Open reading frames 
5.3.5.2.i The L2 open reading frame 
An ORF was identified between nt 841 and 2250 demonstrating greatest similarity to 
the L2 ORF of BPCV1 (77.4% identity based on nucleotide sequence alignment). The 
translated sequence predicted a polypeptide consisting of 469 amino acid residues with 
a calculated molecular mass of 51.14 kDa and a theoretical isoelectric point at pH 4.87. 
The amino acid sequence was most similar to BPCV1 (76.8% identity based on 
pairwise alignment of amino acid residues), but showed scant similarity to PV types 
(14-27%) (Table 5.4). Both BPCVs have a potential furin cleavage site: RKKR 
between residues 5 and 8 of their respective L2 proteins, and this may be necessary for 
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(Richards et al., 2006). 
 
5.3.5.2.ii The L1 open reading frame 
An ORF encoding a putative protein with greatest similarity to the L1 major capsid 
protein from a range of PV types was found between nt 2263 and 3771. This ORF was 
encoded on the same strand and in the same frame as the L2 ORF. Nucleotide 
sequence similarity analysis revealed the L1 ORF of BPCV2 was most similar to the 
BPCV1 L1 ORF (81.2% aligned nucleotide identity). Translation of the nucleotide 
sequence yielded a predicted polypeptide containing 502 amino acid residues, with a 
molecular mass of 57.46 kDa and theoretical isoelectric point at pH 7.04. The deduced 
amino acid sequence was most similar to the L1 protein predicted for BPCV1 with 
aligned amino acid identities of 88.5%, followed by β-PV types (57%) and PV types 
within other genera (40-50%) (Table 5.4). Both BPCVs retain highly conserved 
cysteine residues that in the putative L1 protein of BPCV2 are C-175, C-185 and C-
431. These cysteine residues are thought to be important in dimerization and 
trimerization of the L1 major capsid protein of PVs (Ishii et al., 2003). The carboxy-
terminal regions of both BPCVs’ L1 proteins contain clusters of the basic amino acid 
residues lysine and arginine, which may facilitate interaction with negatively charged 
polysaccharides such as heparin and cell surface glycosaminoglycans (Joyce et al., 
1999). 
 
5.3.5.2.iii The Large T antigen open reading frame 
Encoded on the opposite strand to the L1 and L2 ORFs and lying between nt 5049 and 
7277 was an ORF encoding a protein similar to the LTags of PyVs. The predicted 
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mass of <84.16 kDa and an isoelectric point at approximately pH 6.13. The existence 
of an intron that splices out the termination codon found after amino acid residue 225 
was predicted, however, the likely donor and acceptor sites could not be confidently 
identified. A DnaJ motif was found between amino acid residues 36-41: HPDKGG; a 
retinoblastoma protein binding motif LXCXE was detected between residues 78-82: 
LFCYE; a zinc finger motif was present between residues 416-437: 
CKLCVKDQLLLTGLHKNHAKDH (Table 5.5) and a putative ATPase binding 
domain was found between residues 543-550: GPVNTGKT. BPCV2 LTag shares 
greatest aligned amino acid sequence identity with BPCV1 (87.2%), followed by the 
avian PyVs (32-35%) and eutherians PyVs (22-25%) (Table 5.4).  
 
5.3.5.2.iv The small t antigen open reading frame 
On the same strand and in the same frame as the LTag ORF and overlapping it 
between nt positions 6600 and 7277 of the BPCV2 genome, was an ORF that encoded 
a putative polypeptide containing 225 amino acid residues. This predicted polypeptide 
had a calculated molecular mass of 25.87 kDa and an isoelectric point at pH 4.94. It 
included the DnaJ motif and retinoblastoma protein binding motif described in the 
previous section. Comparison of the aligned amino acid sequences revealed 87.1% 
identity with the BPCV1 stag, 17-21% identity with avian PyV stags and 10-15% 
identity with eutherian PyV stags (Table 5.4). No cysteine-rich carboxy-terminal 
domain typical of several eutherian PyVs (Pipas, 1992) was identified in the stag of 
BPCV2. 
 
 266Table 5.4 Comparisons of aligned amino acid sequences from BPCV2 to BPCV1, 
polyomaviruses and selected papillomavirus types. (Bennett et al., 2008d) 
 
Table 5.4 removed from this version. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 2675.3.6 Phylogenetic trees 
A neighbour-joining phylogenetic tree was constructed based on the aligned nucleotide 
sequences of the LTag ORF of 13 members of the Polyomaviridae, BPCV1 and 
BPCV2. The tree had three main branches, one each for the PyVs of avians and 
eutherian mammals and another for BPCV1 and BPCV2 (Fig. 5.5). 
Figure 5.5 removed from this version. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5 Large T antigen phylogenetic tree of BPCV2, BPCV1 and 13 established 
PyVs [LPyV (NC_004763), SV40 (NC_001669), Sa12 (NC_007611), HaPyV 
(NC_001663), MPyV (NC_001515), MPnV (NC_001505), BPyV (NC_001442), JCV 
(NC_001699), BKV (NC_001538), BFDV (NC_004764), GHPyV (NC_004800), 
CPyV (NC_007922), and FPyV (NC_007923)]. Courtesy of Hans Stevens (Bennett et 
al., 2008d). 
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Figure 5.6 removed from this version. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 269Figure 5.6 Evolutionary relationship of the BPCV2 and BPCV1 sequences to 
members of the Papillomaviridae. The L1 sequences of BPCV2, BPCV1 and 53 PVs 
[α-PVs, HPV32 (NC_001586), HPV10 (NC_001576), HPV61 (NC_001694), HPV2 
(NC_001352), HPV26 (NC_001583), HPV53 (NC_001593), HPV18 (NC_001357), 
HPV7 (NC_001595), HPV16 (NC_001526), HPV6 (NC_001355), HPV34 
(NC_001587), RhPV1 (NC_001678), HPV54 (NC_001676), HPV90 (NC_004104), 
and HPV71 (AY330621); β-PVs, HPV5 (NC_001531), HPV9 (NC_001596), HPV49 
(NC_001591), HPV92 (NC_004500), and HPV96 (NC_005134); γ-PVs, HPV4 
(NC_001457), HPV48 (NC_001690), HPV50 (NC_001691), and HPV60 
(NC_001693); δ-PVs, EEPV (NC_001524), DPV (NC_001523), OvPV1 
(NC_001789), and BPV1 (NC_001522); ε-PV, BPV5 (NC_004195); ζ-PV, EcPV1 
(NC_003748); η-PV, FcPV (NC_004068); θ-PV, PePV (NC_003973); ι-PV, MnPV 
(NC_001605); κ-PVs, CRPV (NC_001541) and ROPV (NC_002232); λ-PVs, canine 
oral PV (COPV) (NC_001619), FdPV1 (NC_004765), and Procyon lotor PV 
(NC_007150); μ-PVs, HPV1 (NC_001356) and HPV63 (NC_001458); ν-PV, HPV41 
(NC_001354); ξ-PV, BPV3 (NC_004197); ο-PV, PsPV1 (NC_003348); π-PV, HaOPV 
(E15111); ρ-PV, TmPV1 (NC_006563); σ-PV, EdPV1 (NC_006951); and unclassified 
types RaPV1 (NC_008298), BPV7 (NC_007612), CPV2 (NC_006564), CPV3 
(NC_008297), ChPV1 (NC_008032), McPV2 (DQ664501) and MmPV (NC_008582)] 
are displayed. The scale bar indicates the genetic distance (in nucleotide substitutions 
per site), and the numbers at the internal nodes represent the bootstrap probability 
percentages as determined for 10,000 iterations by the neighbour-joining method. Only 
bootstrap values of 80% or more are shown. Courtesy of Hans Stevens (Bennett et al., 
2008d). 
 270A neighbour-joining phylogenetic tree was also constructed based on the aligned L1 
encoding ORFs of 53 members of the Papillomaviridae, BPCV1 and BPCV2. In this 
L1 tree the PVs cluster in the previously defined genera, and high bootstrap values 
support the nodes joining different PVs that belong to the same genus. According to 
this tree, BPCV2 and BPCV1 are most closely related to the Betapapillomavirus 
genus, but they branch off very near the root of the common branch of this genus. This 
clustering of the BPCVs is supported by a low bootstrap value (56%) (Fig. 5.6). 
 
5.3.7 Comparative analysis 
The BPCVs are more similar to each other than to any of the PVs or PyVs examined. 
However, the BPCVs do possess significant similarities to members of both the 
Polyomaviridae and Papillomaviridae. They occupy an intermediate position between 
these two established virus families that has not been previously encountered in virus 
taxonomy. 
 
Papillomavirus genomes typically consist of ~8 kb and encode a series of early 
proteins followed by two late proteins and all these ORFs occur on one strand only 
(Howley and Lowy, 2007). The BPCVs have no evidence of PV-like early protein 
nucleotide sequences, nor do they have E1 and E2 binding sequences near their 
putative origin of DNA replication. 
 
Polyomavirus genomes are generally ~5 kb and have ORFs encoding structural 
proteins on one strand and transforming proteins on the opposite strand (Imperiale and 
Major, 2007). BPCV1 and BPCV2 do not have any nucleotide sequence similarity to 
the structural proteins of known PyVs. However, both BPCVs encode putative 
 271transforming proteins with close similarities to the LTags and stags of PyVs, including 
several conserved features such as a retinoblastoma protein binding motif, ATPase 
binding domain, zinc finger motif and DnaJ domain. 
 
5.3.8 Conserved motifs within Large T antigens 
Amino acid alignments performed on all the known PyVs and the BPCVs 
demonstrated several conserved sequences including a retinoblastoma protein binding 
region, DnaJ domain, ATPase domain (Table 5.6) and a zinc finger motif (Table 5.5). 
The fact that such sequences are so highly conserved despite widely varying 
evolutionary histories indicates that they are likely to be important functional 
components of the tumour antigens. Both the DnaJ domain and the retinoblastoma 
binding region are thought to be important in mediating the displacement of E2F from 
its binding site on retinoblastoma proteins. Thus it appears likely that BPCV stags and 
the amino-terminal part of BPCV LTags produce unbound E2F, which then activates 
promoters, stimulating entry into the cell cycle (Sheng et al., 1997).  
 
A possible nuclear localization signal: TPPKNK occurs in the BPCV2 and BPCV1 
LTags and similar motifs can be found in all PyV LTags except for budgerigar 
fledgling disease virus (Pipas, 1992). In the putative DNA binding region (Pipas, 
1992), three amino acids are perfectly conserved across the BPCVs, avian and 
eutherian PyV LTags. In BPCV2, these are: K-287, L-290 and R-325. 
 
BPCV2, BPCV1 and all sequenced PyVs have a CX2CXnHX3H zinc finger motif, 
which is thought to play a role in oligomerization of LTags (Pipas, 1992). A few PyVs, 
BPCV1 and BPCV2 also have HX2H arrangements, which may also theoretically form 
 272the zinc finger domain. The functional significance of these various possible 
arrangements is not yet known. Following the zinc finger domain are a series of amino 
acid residues that are absolutely conserved among PyVs and the BPCVs. In BPCV2, 
these are: N-443 A-444 Q-453 K-454 C-457 A-460 A-466 R-477 and R-484. 
 
The ATPase domain is the most highly conserved region of PyV LTags and has the 
consensus sequence GP(V/I)(N/D)XGKT (Pipas, 1992). Following this sequence are 
residues important in ATPase activity, p53 binding and LTag oligomerization (Pipas, 
1992). In this region there are 30 amino acid residues that are perfectly conserved 
across all PyV and BPCV LTags. In the LTag from BPCV2, these are: A-553, E-577, 
L-578, L-602, G-605, G-607, N-610, L-611, D-612, R-615, G-620, V-624, N-625, L-
626, E-627, K-629, H-630, N-632, K-633, Q-636, F-638, P-639, P-640, T-644, N-646, 
Y-648, P-651, T-653, R-657 and R-684. 
 
 273Table 5.5 Zinc finger motifs found in the Large T antigens of bandicoot papillomatosis 
carcinomatosis virus types 1 and 2 and polyomaviruses. (Bennett et al., 2008d). 
 
Table 5.5 removed from this version. 
 274Table 5.6 Conserved sequences in Large T antigens: DnaJ domains, retinoblastoma 
binding motifs and ATPase/p53 binding domains. 
Virus  Large T antigen amino acid sequence 
BPCV2 
34KNHPDKGGSA-//-
76 EDLFCYESG-//-
540VFKGPVNTGKTTVA 
BPCV1 
34KMHPDKGGST-//-
75 EDLFCYESE-//-
539VFRGPVNTGKTTVA 
FPyV 
32EFHPDKGGDP-//-
58 QSLFCDETL-//-
405IFRGPVNTGKTTVA 
BFDV 
32KYHPDKGGDE-//-
58 EGLRADETL-//-
383IFKGPVNTGKTTVA 
CPyV 
37MYHPDKGGDE-//-
67 ETLQCEETL-//-
428VFRGTVNTGKTTVA 
GHPyV 
34MFHPDKGGDE-//-
63 EDLFCDEEL-//-
424VFRGPVNTGKTTVA 
BKV 
40EFHPDKGGDE-//-
103EDLFCHEDM-//-
425LFKGPIDSGKTTLA 
JCV 
40ELHPDKGGDE-//-
103EDLFCHEEM-//-
424LFKGPIDSGKTTLA 
SV40 
40EFHPDKGGDE-//-
101ENLFCSEEM-//-
423LFKGPIDSGKTTLA 
SA12 
40EFHPDKGGDE-//-
103EDLFCHEDM-//-
425LFKGPIDSGKTTLA 
LPyV 
40LYHPDKGGDS-//-
129DDLFCSETM-//-
486LIKGPINSGKTTLA 
HaPyV 
40QLHPDKGGNE-//-
128EDLTCQEEL-//-
545LFRGPVNSGKTSLA 
MPyV 
40LLHPDKGGSH-//-
140PDLFCYEEP-//-
570LFRGPVNSGKTGLA 
KIV 
40EYHPDKGGNE-//-
106EELRCNESM-//-
433LFKGPINSGKTTLA 
WUV 
40EFHPDKGGNE-//-
106EELRCNEEM-//-
440VFKGPINSGKTTVA 
BPyV  ------------//-
58 QDLHCDEEL-//-
381LLKGPVNCGKTTVA 
MPnV 
40IVHPDKGGSD-//-
101FDLFCNEAF-//-
441LFTGPVNTGKTTLA 
SquiPyV 
40IMHPDKGGDE-//-
99 FDLFCHETF-//-
434CFTGPVNTGKTTLA 
 
 2755.3.9 Time since divergence  
Based upon the nucleotide sequence differences between the BPCV1 and BPCV2 L1 
ORFs (274 nucleotide substitutions in a 1462 bp unambiguously aligned region), these 
two viruses were estimated to have diverged from a common ancestor virus 
approximately 10.2 million years ago (mya) (95% confidence interval 8.0 – 14.8 mya). 
These same figures were derived from calculations that included 3 in-frame codon 
deletion mutations in BPCV2 (285 nucleotide substitutions in a 1518 bp alignment). 
Calculations for the aligned L2 ORFs (319 nucleotide substitutions over the entire 
1410 bp L2 ORFs) yielded a similar result: divergence was estimated to have occurred 
10.6 mya (95% confidence interval 8.2 – 15.5 mya). The divergence of the host genera 
from a common ancestor (~10 mya) appears to be approximately coincident with the 
divergence of the BPCVs affecting them (Nilsson et al., 2004). This observation is 
supportive of the concept of virus-host co-speciation in which both modern day hosts 
and viruses arose from common ancestors (Shadan and Villarreal, 1993). Virus-host 
co-speciation has been recently demonstrated for λ-PVs affecting geographically 
disparate mammal hosts within the family Felidae and it appears that the evolutionary 
rate of λ-PVs is approximately 1 order of magnitude greater than that of their feline 
hosts (Rector et al., 2007). If the evolutionary rates estimated for λ-PVs are truly 
applicable to BPCVs, then the genomic analysis of species specific DNA viruses could 
be used to verify the phylogenies and evolutionary histories of Australian marsupial 
hosts, perhaps with greater resolution than mitochondrial DNA analysis. 
 
 2765.4 Conclusions 
5.4.1 Bandicoot papillomatosis carcinomatosis virus type 2 
Quite clearly, BPCV1 and BPCV2 are more similar to each other than to any other 
sequenced virus. BPCV1 has a circular double-stranded DNA genome consisting of 
7295 bp while BPCV2 is only 18 bp shorter at 7277 bp. They share an identical and 
quite remarkable genomic organization, with two almost contiguous PV-like structural 
protein-encoding ORFs on one strand, and two overlapping PyV-like transforming 
protein-encoding ORFs on the opposite strand. This genomic structure is unlike any 
other known naturally-occurring circular double-stranded DNA virus. However, 
BPCV1 and BPCV2 are distinctly different virus species that share a common pattern 
of gene expression and are associated with similar clinical signs. They appear to have 
co-speciated with their respective bandicoot hosts over approximately 10 million years. 
 
5.4.2 Implications for virus taxonomy 
It has been theorized that modern day PVs and PyVs evolved from a common ancestor 
virus (Van Ranst et al., 1995), and if that is truly the case, it is possible that the BPCVs 
represent a third lineage descendent from that ancestral virus. Alternatively, the 
BPCVs may have arisen from a recombination event involving an ancient PV and an 
ancient PyV. If that hypothesis is correct, then it would seem that the recombination 
event took place more than ~10 mya, perhaps during Australia’s long isolation 
following the disintegration of Gondwana. Further analysis of viruses already isolated 
from the skin of various Australian animal species and the possible discovery of more 
BPCV types from other Australian and New Guinean bandicoot species may help to 
confirm which of these theories is the more likely. 
 
 277As it stands, the current virus taxonomic paradigm does not comfortably accommodate 
the BPCVs whose genomic features are intermediate between Papillomaviridae and 
Polyomaviridae (de Villiers et al., 2004; Imperiale and Major, 2007). It is clear that the 
BPCVs are demonstrably and distinctly different to both PyVs and PVs and as such, 
their taxonomic position is presently undefined. The current evidence supports the 
establishment of a novel virus family for the BPCVs. 
 
5.4.3 Papillomaviruses from Australian mammals 
The discovery of BPCVs in Australian bandicoots suggests that further research should 
be undertaken regarding the other skin-associated viruses collected from Australian 
animals. Several novel virus isolates are currently attributed to Papillomaviridae that 
were detected in Australian animals using PCR of swabs taken from non-lesional skin 
of koalas (Phascolarctos cinereus), eastern grey kangaroos (Macropus giganteus) and 
an echidna (Tachyglossus aculeatus) (Antonsson and McMillan, 2006). The PCR test 
employed the degenerate FAP59/64 primer pair which amplifies a ~450 bp region of 
the L1 ORF of a wide range of PV types (Forslund et al., 1999) but also successfully 
amplifies the L1 region of BPCV1 (Woolford et al., 2007) and BPCV2. 
Papillomavirus-like DNA was also found in a cutaneous papilloma in a possum 
(Trichosurus vulpecula) using PCR primers designed to anneal with the L1 region of a 
range of PV types (Perrott et al., 2000). These virus types could potentially be similar 
to the BPCVs were their genomes to be completely sequenced. 
 
 2785.4.4 Other putative papillomaviruses 
There are a large number of putative PVs reported in the literature from reptiles, avians 
and mammals, whose PV-status has only been indicated by electron microscopy, 
immunohistochemistry and/or sequencing of the genome within the L1 ORF (Nicholls, 
1999). These putative PVs could conceivably be similar to the BPCVs if their genomes 
were sequenced in full, and so, with the discovery of the BPCVs, their true taxonomic 
placement is in doubt. Henceforth, ultrastructural morphology, immunohistochemistry, 
and DNA sequence data derived solely from the L1 ORF of novel virus isolates should 
be considered insufficient to attribute them to Papillomaviridae. 
 
5.4.5 Further research 
5.4.5.1 Epidemiological analysis 
It would seem safe to assume that there must be other I. obesulus with BPCV2 
infections, however, these infections may be largely sub-clinical. Once awareness of 
virus-associated papillomas and carcinomas in peramelids spreads through the 
scientific community, the likelihood of detecting more clinical cases will increase. 
Records of such clinical cases allied with thorough screening of captive and wild-
caught bandicoots could significantly add to our understanding of the biology of the 
BPCVs through epidemiological analysis. To that end, zoo and wildlife veterinarians, 
wildlife rehabilitation organizations, and zoologists should be informed about the signs 
of BPCV infections. Screening tests, such as the skin swab PCR developed by Lucy 
Woolford (Woolford et al., 2007) for detecting BPCV1 in P. bougainville should be 
adapted and implemented for BPCV2 in I. obesulus. If more BPCV-like viruses are 
discovered, primers could be developed to amplify highly conserved regions of these 
 279virus genomes and such primers would find wide application in screening tests in 
many species.  
 
The search for signs of bandicoot papillomatosis and carcinomatosis syndrome should 
not be limited to Western Australian P. bougainville and I. obesulus. The potential 
exists for all peramelemorph species in Australia and New Guinea to play host to 
BPCV1, BPCV2 and as yet undiscovered BPCV-like viruses. Museum study skins and 
spirit-preserved specimens of extinct peramelemorph species should also be examined 
for papillomatous lesions. 
 
5.4.5.2 Vaccine development 
The possibility that BPCV2 could induce protective immunity against BPCV1 
infection and vice versa deserves further investigation. If vaccine development is to be 
attempted for BPCV1 in P. bougainville, then BPCV2 infection in I. obesulus could be 
used to model BPCV-associated diseases. A multivalent vaccine could be produced to 
induce protective immunity to both BPCV1 and BPCV2 if the immune response were 
found to be BPCV-type specific. 
  
5.4.5.3 Transcript analysis 
The mRNA transcripts from BPCV2 and BPCV1 should be sequenced to identify the 
sites of any introns within their respective ORFs. In theory, the LTag-encoding mature 
mRNA should lack the stop codon located at the end of the stag-encoding ORF, but 
contain the HPDKGG and LFCYE motifs. Therefore, the putative splice donor site is 
probably located after transcribed nt 246, and the acceptor site is likely to occur before 
the putative nuclear localization signal which begins at transcribed nt 750 in BPCV2.   
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5.4.6 Implications for western barred bandicoot papillomatosis and carcinomatosis 
syndrome 
The discovery of BPCV2 has provided a way to answer many of the important 
questions relating to the origin and significance of western barred bandicoot 
papillomatosis and carcinomatosis syndrome. Some of these questions are addressed 
below. 
 
5.4.6.1 Do BPCVs cause papillomas and carcinomas in peramelids? 
Chapter 4 presented the argument that BPCV1 is causally associated with western 
barred bandicoot papillomatosis and carcinomatosis syndrome. The current chapter 
described a very similar virus, BPCV2, in association with lesions histologically and 
clinically similar to those typical of western barred bandicoot papillomatosis and 
carcinomatosis syndrome in a related bandicoot species, Isoodon obesulus. A second I. 
obesulus from Western Australia with proliferative skin lesions associated with 
Sarcoptes scabiei infection, was tested for BPCV2, but returned uniformly negative 
results. Though there are insufficient data to fulfill the Henle-Koch or Hill-Evans’ 
postulates for determining whether BPCV2 causes southern brown bandicoot 
papillomas, the weight of evidence suggests that the BPCVs should be considered the 
cause of papillomatosis and carcinomatosis in their respective host species.  
 
 2815.4.6.2 Where, when and how did the BPCVs originate? 
The historical use of Bernier Island as an isolation hospital site for Aboriginal men 
with sexually transmitted and other infections led to the notion that a human pathogen 
might have been responsible for papillomas and carcinomas in western barred 
bandicoots from that island (N. Thomas, personal communication, 2005). The data 
simply do not support that hypothesis. Rather, the data indicate that the BPCVs have 
been in existence for at least ~10 mya, long before human habitation of Australia. 
There are insufficient data to determine the precise geographical or temporal origins of 
the BPCVs at this time, though two hypotheses have been postulated. The BPCVs may 
have originated from a recombination event between an ancient PV and an ancient 
PyV, during Australia’s long isolation, subsequent to the disintegration of Gondwana. 
Testing papillomatous lesions in American marsupials could yield the discovery of 
another BPCV-like virus. Indeed, a putative PV has been detected in Didelphis sp. 
using electron microscopy (Koller, 1972). If BPCV-like viruses occur in American 
marsupials, it would suggest the ancestor of these viruses antedates the disintegration 
of Gondwana. Alternatively, the BPCVs may represent a third lineage of viruses 
descendent from the hypothetical common ancestor of Papillomaviridae and 
Polyomaviridae (Van Ranst et al., 1995). In any case, the existence of the BPCVs and 
the occurrence of their associated papillomas and carcinomas are not attributable to 
human intervention. With further research, humans may be able to intervene to protect 
the welfare of bandicoots infected by these fascinating viruses. 
 282Appendix 6.1 
Case Report A 
History: 
An adult (>5 year old) male P. bougainville from the Barna Mia facility at Dryandra 
Woodland was presented because of a severe ulcerative lesion in the right parotid 
region, initially suspected to be due to trauma. 
 
Physical examination: 
The bandicoot weighted 204 grams. On closer examination, raised, epidermal 
proliferative lesions were seen at multiple cutaneous sites. It appeared that the right ear 
had sloughed off, due to a large weeping and infected ulcer. It was considered that a 
squamous cell carcinoma was the likely cause of the ulcerative lesion, and euthanasia 
was performed due to the poor prognosis. 
 
Histopathology: 
Histopathology confirmed the clinical suspicion of squamous cell carcinoma at the 
parotid site. The multifocal cutaneous proliferative lesions were classified as 
papillomas. Interestingly, there were also multifocal consolidated lesions throughout 
both lungs, histologically consistent with metastatic squamous cell carcinoma. 
 
In situ hybridization: 
All 5 DNA probes designed to anneal to BPCV1 successfully stained keratinocyte and 
sebocyte nuclei within papillomatous lesions. There was no convincing staining of the 
squamous cell carcinoma, and only when the stringency conditions were dramatically 
 283lowered did any staining of the pulmonary metastases occur. Similar results were 
obtained using RNA probes: the keratinocyte and sebocyte cytoplasm of cutaneous 
papillomas stained well, while carcinomas and metastases did not stain convincingly. 
This observation hints at a possible ‘hit and run’ effect of BPCV1. 
 
Clinical pathology: 
Haematology     Guidelines 
RCC x10
12/L  3.23  ↓↓  5.57 - 7.83 
Hgb g/L  68  ↓↓↓ 122 – 165 
HCT L/L  0.24  ↓↓  0.36 - 0.49 
MCV fL  73  ↑  58.8 – 67.9 
MCH pg  21.1  -  19.1 – 22.5 
MCHC g/L  289  ↓↓  315 – 345 
WBC x10
9/L  4.9 -  2.9 – 14.9 
Neutrophils x10
9/L  3.6  -  0.7 – 10.3 
Lymphocytes x10
9/L  1.1  -  0.5 – 10.6 
Monocytes x10
9/L  0 -  0 – 0.6 
Eosinophils x10
9/L  0.17 -  0 – 0.9 
Basophils x10
9/L  0  -  0 – 0.1 
Total Protein (refr.) g/L  48 (-)  47 – 63 
Fibrinogen g/L  3  -  <1 – 4 
Polychromasia %  5.0  ↑↑↑ 0 – 1.3 
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Biochemistry     Guidelines 
ALP (U/L)  52  ↓  86 – 786 
ALT (U/L)  55  -  35 – 202 
AST (U/L)  82  -  19.6 – 283 
CK (U/L)  86  -  24 – 1814 
Albumin (g/L)  21.6  ↓  24.4 – 40.8 
Total Bilirubin (μmol/L)  -    0 – 6.6 
Calcium (mmol/L)  2.44*  ↑  1.81 – 2.31 
Cholesterol (mmol/L)  4.3  -  1.3 – 7.3 
Creatinine (μmol/L)  34  -  29 – 63 
Glucose (mmol/L)  5.3  -  5.0 – 13.3 
Total Protein (g/L)  46.3  -  38.6 – 64.2 
Phosphate (mmol/L)  2.4  (↑)  1.0 – 2.2 
Urea (mmol/L)  13  -  6.9 – 17.8 
Globulins (g/L)  24.7  -  12.7 – 30.1 
A/G Ratio  0.87  ↓↓  1.01 – 3.09 
* When corrected for hypoalbuminaemia, the calcium concentration is 2.78 mmol/L. 
 
Parasitology: 
The following taxa of nematodes were recovered from the gastrointestinal tract: 
Capillaria sp.; Labiobulura inglisi; Linstowinema inglisi; and Parastrongyloides sp. 
Life cycle stages of Klossiella quimrensis were seen on renal histopathology. 
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Specific gravity  1.036  -  1.024 - >1.060 
Glucose  Neg  -  Neg 
Bilirubin  Neg  -  Neg – (+) 
Ketones  Neg  -  Neg 
Blood  Neg  -  Neg 
pH  6.5  -  6.0 – 6.5 
Protein  Neg  -  Neg – (++) 
Urobilinogen  Normal  -  Normal 
Leukocytes (/HPF)  1  -  0 – 1 per HPF 
RBC (/HPF)  7  -  0 – 7 per HPF 
Comments  Sperm   ↑↑↑  
*Urine was collected by cystocentesis at necropsy. 
 
Interpretation:
There was a hypochromic macrocytic anaemia with strong regeneration. There was 
hypoalbuminaemia which was also reflected in the low albumin:globulin ratio, mild 
hyperphosphataemia and hypercalcaemia. When the corrected calcium concentration 
was calculated, a profound hypercalcaemia was revealed. Renal parameters indicated 
normal kidney function, therefore the concurrent hyperphosphataemia and 
hypercalcaemia could have been associated with the effects of neoplasia. Urine 
sediment examination revealed innumerable spermatozoa and low numbers of 
leukocytes and erythrocytes, possibly indicating a slight inflammatory response to the 
presence of the sperm in the urinary bladder. There was a moderate nematode worm 
burden present within the gastrointestinal tract, which may have been a contributing 
 286factor to the low body weight. Klossiella quimrensis life cycle stages, though present 
on renal histopathology, were not detected using urine sediment examination 
techniques, reinforcing that urinalysis is an unreliable method for diagnosing this 
infection. 
 287Appendix 6.2 
Case Report B 
History:  
Adult (5 year old) female P. bougainville born at Peron Captive Breeding Centre in 
July 2000 and translocated to Kanyana Wildlife Rehabilitation Centre in February 
2005.  
 
Physical examination:  
The patient was examined under isoflurane general anaesthesia. Examination revealed 
that she was under weight at just 160 g but was otherwise clinically normal. There was 
no evidence of the papillomatosis and carcinomatosis syndrome. Unfortunately and 
unexpectedly, she died during recovery from anaesthesia.  
 
Parasitology: 
This individual had innumerable smooth walled unsporulated oocysts (~25 × 23 µm, 
consistent with Eimeria sp.) and a mild concomitant infection with Cryptosporidium 
sp. (novel marsupial genotype) identified in faecal samples.  A very heavy burden of 
Labiobulura inglisi was found in the caecum and colon, 2 adult Asymmetracantha 
tasmaniensis were found in the small intestine, and an unidentifiable nematode 
fragment was recovered from the stomach. Histopathology of the small intestine 
revealed macrogamonts and microgamonts within parasitophorous vacuoles in the 
cytoplasm of the enteric mucosa associated with some crypt abcesses. 
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Haematology     Guidelines 
RCC x10
12/L  4.12  ↓↓  5.57 - 7.83 
Hgb g/L  91  ↓↓↓ 122 – 165 
HCT L/L  0.28  ↓↓  0.36 - 0.49 
MCV fL  69.1  ↑  58.8 – 67.9 
MCH pg  22.1  -  19.1 – 22.5 
MCHC g/L  320  (-)  315 – 345 
WBC x10
9/L  2.88  (↓)  2.9 – 14.9 
Neutrophils x10
9/L  2.0  -  0.7 – 10.3 
Lymphocytes x10
9/L  0.88  -  0.5 – 10.6 
Monocytes x10
9/L  0  -  0 – 0.6 
Eosinophils x10
9/L  0  -  0 – 0.9 
Basophils x10
9/L  0  -  0 – 0.1 
Total Protein (refr.) g/L  -    47 – 63 
Fibrinogen g/L  -    <1 – 4 
Polychromasia %  0.5  -  0 – 1.3 
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Biochemistry     Guidelines 
ALP (U/L)  -    86 – 786 
ALT (U/L)  589  ↑  35 – 202 
AST (U/L)  176  -  19.6 – 283 
CK (U/L)  206  -  24 – 1814 
Albumin (g/L)  26.3  -  24.4 – 40.8 
Total Bilirubin (μmol/L)  2  -  0 – 6.6 
Calcium (mmol/L)  -    1.81 – 2.31 
Cholesterol (mmol/L)  1.55  -  1.3 – 7.3 
Creatinine (μmol/L)  36  -  29 – 63 
Glucose (mmol/L)  13.9  (↑)  5.0 – 13.3 
Total Protein (g/L)  35.2  ↓  38.6 – 64.2 
Phosphate (mmol/L)  3  ↑  1.0 – 2.2 
Urea (mmol/L)  21.7  ↑  6.9 – 17.8 
Globulins (g/L)  8.9  ↓  12.7 – 30.1 
A/G Ratio  2.96  -  1.01 – 3.09 
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Urinalysis*     Guidelines 
Specific gravity  1.043  -  1.024 - >1.060 
Glucose  Neg  -  Neg 
Bilirubin  Trace  -  Neg – (+) 
Ketones  Neg  -  Neg 
Blood  Neg  -  Neg 
pH  6.5  -  6.0 – 6.5 
Protein  Neg  -  Neg – (++) 
Urobilinogen  Normal  -  Normal 
Leukocytes (/HPF)  0  -  0 – 1 per HPF 
RBC (/HPF)  0  -  0 – 7 per HPF 
* Urine was collected by cystocentesis at necropsy. 
 
Interpretation: 
There was a non-regenerative normochromic macrocytic anaemia and the WBC was at 
the lowest extreme of the reference interval with eosinopenia despite a heavy mixed 
parasite burden. There were no abnormalities detected on urinalysis indicating 
adequate renal function. The anaemia with hypoproteinaemia suggested possible 
chronic haemorrhage, but the failure to regenerate erythrocytes was concerning. Raised 
plasma glucose concentration and ALT activity may have reflected the stress of 
handling and anaesthesia. The elevated urea level with a normal plasma creatinine 
concentration may have indicated increased protein catabolism in the face of anorexia, 
or perhaps blood loss into the upper gastrointestinal tract. The low body weight allied 
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with signs of chronic blood loss implicated the mixed parasitic infection as a possible 
cause. 
 
It is uncertain whether the heavy mixed parasite burden led to the weight loss, 
anaemia, and failure of the haemopoietic tissues to correct the anaemia. Alternatively, 
this individual might have been compromised by another mechanism (e.g. retrovirus 
infection), allowing the parasites to increase in number and eventually overwhelm the 
weakened immune defenses. It appears that the acute stress of capture and anaesthesia 
precipitated the demise of this already severely compromised individual.P
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Arthropoda Arachnida Acariformes Actinedida Leeuwenhoediidae Odontacarus australiensis X X X
Odontacarus sp. X X
Myobiidae Radfordia ensifera X
Trombiculidae Eutrombicula hirsti X X
Guntheria bipygalis X
Guntheria chingae X
Guntheria coorongensis X X
Guntheria dasycerci
Guntheria derricki X X
Guntheria heaslipi X X
Guntheria innisfailensis X X
Guntheria kallipygos X X
Guntheria lappacea X X
Guntheria peremeles X X X
Guntheria petulans X
Guntheria philippensis X
Guntheria queenslandica X X
Guntheria shieldsi X X
Guntheria smithi X X
Leptotrombidium deliense X X
Neoschongastia sp. X
Neotrombicula comata X
Neotrombicula mackayensis X
Neotrombicula novaehollandiae X
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  293Neotrombicula thylogale X
Schoutedenichia emphyla X X X
Trombicula minor X X X
Trombicula sp. X X X
Walchiidae Walchia morobensis X
Astigmata Atopomelidae Austrochirus armatus X X
Austrochirus dorreensis X
Austrochirus mcmillani X
Austrochirus perameles X X
Austrochirus queenslandicus X X
Austrochirus squamiferus X
Listrophoroides expansus X
Sarcoptidae Notoedres muris X
Sarcoptes scabiei X
Parasitiformes Ixodida Ixodidae Haemaphysalis humerosa X X X X X
Haemaphysalis lagostrophi X
Haemaphysalis ratti X
Haemaphysalis spinigera novaeguinae X
Ixodes fecialis X X
Ixodes holocyclus X X X
Ixodes tasmani X X
Mesostigmata Laelapidae Andreacarus aegleis X
Androlaelaps domrowi X X X
Androlaelaps flagellatus X
Androlaelaps marsupialis X X X X X
Laelaps assimilis X
Laelaps echidninus X X X
Laelaps mackerrasi X X  
  294Laelaps nuttalli X X
Laelaps rothschilidi X X
Mesolaelaps anomalus X X
Mesolaelaps antipodianus X X X X X
Mesolaelaps australiensis X X X
Mesolaelaps bandicoota X X
Myonyssus decumani X
Peramelaelaps bandicoota X X X
Pseudoparasitus annectans X X X
Macronyssidae Ornithonyssus bursa X
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Arthropoda Insecta Pterygota Siphonaptera Hystrichopsyllidae Acedestia chera X
Leptopsyllidae Leptopsylla segnis X
Pulicidae Ctenocephalides felis felis X X
Echidnophaga gallinacea X
Pulex irritans X
Xenopsylla vexabilis vexabilis X X
Pygiopsyllidae Acanthopsylla rothschildi rothschildi X
Acanthopsylla pavida X
Bibikovana iridis X X
Bibikovana rainbowi rainbowi X X
Bibikovana sinuata X X
Choristopsylla ochi X
Pygiopsylla hoplia X X X X
Pygiopsylla tunneyi X X
Pygiopsylla phiola X X
Pygiopsylla zethi X X X X
Uropsylla tasmanica X
Stephanocircidae Stephanocircus dasyuri X X X X
Stephanocircus harrisoni X X X
Phthiraptera
Boopidae Boopia bettongia X X X
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Rhabditida Rhabditina Rhabditomorpha Heligmosomoidea Herpetostrongylidae Beveridgiella iota X X X
Beveridgiella pearsoni X
Woolleya acinocercus X
Nicollinidae Nicollina sp. X
Metastrongyloidea Angiostrongylidae Filostrongylus peramelis X X
Marsupostrongylus bronchialis X X X
Molineoidea Mackerrastrongylidae Asymmetracantha tasmaniensis X X X X
Mackerrastrongylus isoodon X X
Mackerrastrongylus mawsonae X X
Mackerrastrongylus peramelis X X
Mackerrastrongylus sp. X
Mackerrastrongylus sp. n. X
Tetrabothriostrongylus mackerrasae X X
Trichostrongyloidea Trichostrongylidae Peramelistrongylus skedastos  X X X X X
Spirurina Ascaridomorpha Ascaridoidea Ascarididae Ophidascaris moreliae X
Ophidascaris robertsi X X
Heterakoidea Heterakidae Heterakis spumosa X
Seuratoidea Seuratidae Linstowinema cinctum X X X X
Linstowinema inglisi X X
Linstowinema latens X
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  297Linstowinema maplestonei X X
Linstowinema peramelis X
Linstowinema tasmaniense X
Linstowinema warringtoni X X X X
Subuluroidea Subuluridae Labiobulura baylisi X X X
Labiobulura inglisi X X X
Labiobulura peramelis X
Labiobulura sp. X
Spiruromorpha Filarioidea Onchocercidae Breinlia mackerrasae X
Cercopithifilaria johnstoni X X X X
Cercopithifilaria pearsoni  X
Dipetalonema sp. X
Sprattia sp. X
Physalopteroidea Physalopteridae Physaloptera peramelis X X
Physaloptera thalacomys X
Physaloptera sp. X X X X
Spiruroidea Spirocercidae Cylicospirura heydoni X
Thelazioidea Pneumospiruridae Metathelazia naghiensis X
Metathelazia sp. X
Tylenchia Panagrolaimomorpha Strongyloidoidea Strongyloididae Parastrongyloides australis X X X
Parastrongyloides cf australis X X
Parastrongyloides peramelis X X
Parastrongyloides sp. X
Strongyloides thylacis X
Trichinellida Trichinelloidea Trichuridae Trichuris peramelis X X X
Capillariidae Capillaria sp. X X X X X  
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Acanthocephala Archiacanthocephala Moniliformida Moniliformidae Australiformis semoni X X X X
Australiformis sp. n. X X
Palaeacanthocephala Polymorphida Plagiorhynchidae Plagiorhynchus cylindraceus X X
Platyhelminthes Cestoda Eucestoda Cyclophyllidea Anoplocephalidae Linstowia macrouri X
Paralinstowia semoni X X X
Oochoristica sp. n. X
Dilepididae Mirandula parva X
Hymenolepididae Potorolepis isoodontis X
Potorolepis peramelidarum X X X X
Rodentolepis fraterna X
Pseudophyllidea Diphyllobothriidae Spirometra erinaceieuropaei X X
Trematoda Digenea Echinostomida Echinostomatidae Bashkirovitrema sp. X
Cathaemasiidae Mehlisia acuminata X X
Plagiorchiida Dicrocoeliidae Platynosomum australiense X X
Platynosomum burrman X
Platynosomum sp. n. X
Strigeata Brachylaimidae Brachylaima dasyuri X X
Brachylaima simile X X
Brachylaima sp. n. X
Strigeatida Neodiplostomatidae Neodiplostomum sp. X
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Amoebozoa Conosa Archamoebea Pelobiontida Entamoebidae Entamoeba sp. X
Euglenozoa Saccostoma Kinetoplastea Trypanosomatida Trypanosomatidae Tryanosoma thylacis X
Trypanosoma sp. X X
Metamonada Trichozoa Trepomonadea Giardiida Hexamitidae Giardia sp. X X X
Trichomonadea Trichomonadida Trichomonadidae Trichomonas sp. X
Myzozoa Apicomplexa Aconoidasida Piroplasmorida Babesiidae Babesia thylacis X
Theileriidae Theileria peramelis X X
Theileria sp. X X
Conoidasida Eucoccidiorida Cryptosporidiidae Cryptosporidium sp. X X
Eimeriidae Eimeria kanyana X
Eimeria sp. X X
Hepatozoidae Hepatozoon peramelis X X X
Hepatozoon sp. X X
Klossiellidae Klossiella quimrensis X X X
Klossiella sp. X X X
Sarcocystidae Sarcocystis sp. X X X X
Toxoplasma gondii X X X X X
6
.
3
.
5
 
P
R
O
T
O
Z
O
A
N
 
P
A
R
A
S
I
T
E
S
 
O
F
 
A
U
S
T
R
A
L
I
A
N
 
B
A
N
D
I
C
O
O
T
S
 
300  Appendix 6.4  
Bandicoot Papillomatosis Carcinomatosis Virus  
type 2: complete genome 
 
        1 GCTGATCTAT CTCTGTTCTT GTTGTCAGAG TGTTAGGTAC AGACTGCCTT ATATACTGAG 
       61 CCATTTTTTT TTTTTCGGCT TCAACTCTGG CAAACATTGC CAGAGTAGCT CCGTAAAAAG 
      121 AAGGGAGTTG CACTGTCAGC AAATTATAAA AACAGGTGCA GAACAAGGAA ATTTGACATT 
      181 ACATGTAAAA CTGTTCACCT GCCAAACATA CATGAATGGT TTGTGCCGTG TGCAAAACAT 
      241 GAGTCAGGTT GCAGCAGGAT GCTGCAGAAG TTTTGGCAGA CATAAACTTT GTGAGTAAGG 
      301 AAGTTGGCAG TCAGCAGAAT TTTTTTTGGA AATAAGTCAC TATGACTAAC AGTTTAAAAA 
      361 CCTGGCATCC CTTTAAAAAA GGCTGCTCCC TGGCACGAGC ACTAGACATC CTGTCTTCAC 
      421 CTACTATCCA GATGTGCACC CTGCGTGCAT AGAAACTATC CATCTCCCAG AGGCATCGAT 
      481 TTGACATGAT TCTGATCGAA ACCTGGGAGG ATTAAAGAGA TGTGAGATGT GATGATTTTG 
      541 ATGATTGATG TGATACTTGG AACACACACA TTTTGGGTGA ATACCAACAG TGACCGTGGG 
      601 AAAGCTTTGG TTAGGGATTT CTCGGAAAAG GAGGTCCCAA CTAAACAATA GATCCTAAAA 
      661 TAATCCTGCA TATCATTACA AAGAAGACCT CCCTCTGAAC CACCCCTGAT CCTCCCCGAA 
      721 TATTACTCCG CCTGAAACCT CTAGGAATAG CCTCTGACAC AGTAAGTAAA AAAAAACACC 
      781 TTAAAGGGAT AGCTATAATA TAAATGTCCA ACCAAAATTC TTATTGATTA CAGGGTCATC 
      841 ATGAGAGCAA GAAGAAAAAA GAGAGATTCT GCACAAAATA TATATAGAAC ATGTCAAATT 
      901 ACTGGAAATT GTCCTCCAGA TGTAAAGGAT AAAATAGAAG GAACCACTGT TGCAGACAAA 
      961 ATTCTGCAAT ACTTAAGCAG TATCCTTTAT TTAGGTGGTT TAAGTATAGG AACTGGTAGG 
     1021 GGTGGGGGTG GTTCCACCGG TTACAGACCT ATTGGAGGGG GAGGTGGGGG AGATATAAGT 
     1081 ATTGGTGGTT CAAGAATTCC AAAACCTCCA ACTGGGGCAA TAGATGTAAT AGGTCCAGAT 
     1141 ATAGTTCAAG TGGATGCTGT TGCACCAGAA GCACCTTCAG TTGTTCCTAT GGAAGAAGTG 
     1201 ACTGTTAATG TTACAGATTT TGGAGGTGAC ACAGTCACAG AAGTTGATTT AGTACCAGGT 
     1261 ACCGGAGGGT CACCCACACT TCAAACCGAA GATGGGGCTA TCTTAGAAAT AGCCCCAGAA 
     1321 ACACCTCAAC TTTCTAGAAG AAGAGTTACA GTGTCATCAC ACTTAAATAC AATCTTTGAA 
     1381 TCAGTAATAA ACACTCCGGA TCCCTTGTTA GACAGTAGTA ATCCTAATCA AATACTGATT 
     1441 GATGCAGTAA GTGAAGGAAC AACAATCGGA TCAGAGGAAA TAGAATTAAA AACTTTTGCT 
     1501 ACAAGTACCC CTAGTGATTT CAGCAGAGTT AGACCTATTT ACCCTAGAAA CACTCTTACA 
     1561 GTACCTAAAC CTCTTGAAAC TATTGTCAAT CCCTTGGGGA CGTTTGATAA TCCTGCATTT 
 301     1621 GAATCTATCG ATATTGAGGA TGTTCCCGAT TTCCCGGGTG GTACGAAATT ACACCGGGTT 
     1681 CAGTATGGAC AAAAGTCTGG GATTGTAGTT TCTAGATTAA TGGATACAGA AGCTATGCAG 
     1741 ACTAGAAGTG GACTAAGGTT TGGTGCTCAA TTTCAATTAT ATCATGAGTT AAGCCCTATA 
     1801 AACCCCCTAG AAAATGCTAT TATAGAAATG AGAATTATTA ATAATGCTGA TTCAAATCCT 
     1861 GCAGTGTTCA ATTTAGATGA CTTCTCAATT ATTGACATAA CTGAGCCAGA GGAGTATTCT 
     1921 GATGCAGAAT TACTACATGT AGAAGAACTA CCCTTTAATA ATGTCAGACT TCAAATTTCT 
     1981 GTGCAATCAG GAGGAGAGCG ACCGAATATG AGTATCTTCA GTGCTCCTGA AAGAAATTAT 
     2041 CCATTCTTAC CTGACTTTTT AGCTGATGTA TTTGTTAATA ATAGTGAAAA GTCCTCTTTG 
     2101 AGAAATATTG ATAGAAGTAT ACCTGTCACT CCTGATGTAC CTGTAGGGCC TTTAGATGCT 
     2161 TTTGATAGTA TAGATTTTTA CTTGCATCCA TCTCTATTAG TAAAAAAAAA GAGGAAAAGA 
     2221 AGATATGTAA AATACAAAAA GTTTATATAA TGTGTTTTTC AGATGGCCAT TTGGCAACCC 
     2281 AACGGAAAAG TTTACCTACC TCCATCAGCC CCTGTTGCAA GAATATTAAA TACAGAAGAA 
     2341 TATATACAAA GAACAAACCT ATTCTATCAT GCTAATACTG AAAGATTATT AACTGTAGGG 
     2401 CACCCATATT ATGAGATAAA AGACAATTTA GATCCTAGTA AAATAGGAGT TCCAAAAGTT 
     2461 TCTGCTAACC AATATAGGGT TTTTAGAATT AAACTTCCAG ACCCAAATAG ATTTGCTTTA 
     2521 GGGGATAAAA GTTTATATGA TCCTGAAAAG GAGAGGTTAG TGTGGGGAGT GAGAGGCCTT 
     2581 GAAATAGAAA GAGGACAGCC TCTGAATGTG GGAAGCTCAG GTAATGTGCT TTATAATAAG 
     2641 TTTAAAGACA CTGAAAACCC AAATAATTAT GCCAAAGAGG GGGAAGATGA AAGACAAAAT 
     2701 GTTTCGCATG ATCCAAAGCA GATGCAAATG CTTTTAGTTG GCTGTAAACC TGCAACAGGT 
     2761 GAACATTGGG ATGCTGCAAA GACCTGTGCT GAGAGACCAC CAAATAAAGG TGACTGTCCA 
     2821 CCTCTAGAAT TAGTTAATTC AATCATAGAG GATGGAGATA TGATAGATAT AGGATATGGC 
     2881 AACTTAAATT TTAAAACCCT TTGTGGGAAT AAGTCTGATG TGCCTCTGGA TATAAATACT 
     2941 ACAACCACCA AATATCCAGA CTTCCTAAAA ATGACATCAG ATCAGTATGG TGATTCTCTA 
     3001 TTTTTTTATA CTAAAAGAGA ATCAACATAT GCAAGACACT TTTGGACTAG AGGAGGTACA 
     3061 CCTGGTGATC CAATACCTGA AGAACTATTT GTAAATCCTA GTGACAATCA GAAAATCTTA 
     3121 GGTTCTTCAA CATATTTCAC AGTTCCTAGT GGCTCCCTGG TAAGTAGTGA GTCTCAGCTC 
     3181 TTTAATAGAC CCTATTGGTT GCAAAAGGCA ACCGGTCAAA ATAATGGAAT CTGTTGGAAC 
     3241 AATGATTTAT TTATAACTGT AGTTGATAAT ACCAGAAATT GTAATTTTAC CATATCTGTT 
     3301 TTTAATAAAG CTGATTCTTC CCAAGGACAG ACCTATAAAT CCAGTAACTA TAATATGTTT 
     3361 CTTAGACATG TTGAGGAATT TGAACTTAAT TTTATTTTTG AGATCTGCAA AGTTCCACTA 
     3421 AAGGCAGATG TATTAGCACA TATTAATGCT ATGGATCCCA GGATTCTTGA AGACTGGAGC 
     3481 CTGGGCTTTG TACCTTCAAA TAATTTCCCC TTAGAAGACA AGTATAGATT TATCAATTCT 
     3541 CTTGCGACAA GATGTCCAGA TAAGGAAACA CCTAAGGAAA AGGAGGATCC CTATAGATCA 
     3601 AATACATTCT GGACTGTGGA ATTAGAAGAA AGGATGTCAT CGGAACTTGA TCAATACCCT 
 302     3661 TTAGGCAGAA AGTTCCTATT TCAAAGTAAT ATTAGCTCAA TAAATACAGT TGCAAAACCA 
     3721 AGGAAGAGAA AAGCAACAAC ACCAACAACA AAGACAAAAA GGAGGAAATA GTAAGTATAG 
     3781 TATTTGTTTA GTATTTGTTT ACTGATTGTA ATCTTTTTAA TAAAGTGCAT ATGACAGAAC 
     3841 CTTGGACCAC AGTTGTTTTT AATTGGCACT AACCATGGGA AATGTTCCAT TTTGAGGCCT 
     3901 ACATGATCCA TGCCAAATAG ATTAGTTTGT ACCGATTTGG GATAAGAAGG GTGGGCACTA 
     3961 AGCTTTGATT TTGCCCAAAG AAGAACATCT GCAGGGTGTG TGAGATCATG GATTAGCCTC 
     4021 TCCCTCAATG TGGCCTGATT TCTTGTTTAC AAACTGTGAT TGGTCATGTG GTAGGGATCT 
     4081 AATATATTGA TTACTATAAT TAAATAAGGT TCCAATATAT TTAATATGTC AGTTGCTCAA 
     4141 TTATTGACAC CTTGTGGTGA GGATTAGAAT ACATCTTAAC CTTTAACCTT TTAATTGCCA 
     4201 TGTACCTCCC AGTCTGTACA ACTGGTTATT AAACTGCACA GCTAGCTGTT TTAAAGCTGG 
     4261 TTCCTGGTCT GTTAACCCTA AACTTAACCT GTTACCTTCA AACAAACCTG ATCACCCAGA 
     4321 AATGAACCAC TTAACCCTTT ATATGAACCT GATAACACAA AGATGAACCG GATTAACCCT 
     4381 TAAATAAACC TGATTACCTC AAGATAAATA TGTTAAGACC CAAAAAAAAC ATTTTTATCA 
     4441 GTTGTAGTGG GTAGATCACC TACAGAGATC ACCCACATAG CATCCCACAG AACCCTAAAG 
     4501 GTACAGAATA ATACTATTGT TCTATTTGTA AGTATATTAC CGCCGTATCG GCTTATACCT 
     4561 CTGCAGCCGC TCTGCAGCGG CTTGCCCTGG AAGCTGGATA GTGAAACTAA ATTACCGTAA 
     4621 TTTTCTAAGA CTGGAAAGCG AAAATAAAAT TTTATTGTTT CTGGATACCA GCCCTAGGTA 
     4681 AATTAATAGG GTCAGGTGAT TTTTCCCAGT ATCCCCTGCA CTAAAATATG GGCTGTTCCT 
     4741 ACCGTATGTG GGTCTATAAA AGGGGCTGCA GAGGTCTGAA AGCTGTGCAC ACTGTGCACA 
     4801 TGTATTGCAG GTTGCAAATA CATGTGCTCA GTGTGGACAC AAAATCACAG TTAGCTAATA 
     4861 GTTAGTGCAA ATAGCCAAAC TTAGTAGCTT TGAATTGCAC GATAGCTCTC AGGCTTAGTA 
     4921 CTTTATAAAC CGAAAGTATA TAATACTGTG CTTGAGAGTG CGCGGTAAAT AAACATTAGA 
     4981 CACGGGTTTT GAGCAGCACT GTTTATTAAT ACTGTGCTTG GGAGTGCACG CAGACAGCAA 
     5041 AAGACAGCTT AAAAGCAGGG TTCTTCAGCA TTAATTGCAG ATACATAATT AAGAAATCTC 
     5101 TCAGTAAATA TTGAGTCCAA TAATTCAAGC TCTGATTTAT GTTTTTTAGC AAAATCTTTA 
     5161 GTAAAAAAGC TAGAATACAT ATTAACAATC ACAAACAGCA ATGTTTCAGC TTTAGTTAGG 
     5221 AACCTACTAT TCTTAACCTG AATATTGGCT TCAAGTGCTT TTCTAAAGTG ATGATTAGTC 
     5281 TGAAAATTAT ATGTTTTCAT GCATCTTACA GAAACTGTAG GTGGTAGTAA ATAGTCATTC 
     5341 ATTGTTATAA GAGCAGGTGG GAATATCTGA GATACCTTAT TTTGATGCTT CCTTTCTAGG 
     5401 TTTACACATA CAGAACCCTC TAGATGATCT CGCATATTAT CTAGGTTTAT TATCCCAAAG 
     5461 CCAGGTGGTA GCATTGATCC TTCTAGAGGT TTACCCTTCA CATCCTCAAA TAATACCATG 
     5521 TATTGATCAA TTGCACATCC AAGTTCAAAC TGCAACCTAT CAGGTGTTCC ATTGACATTT 
     5581 AAAGAGCAGC CTGTCAACAA GTTTAATATT GCAGAGGCCA CTGTAGTTTT TCCAGTATTA 
     5641 ACAGGCCCCT TAAATACAAA ATTTCTTTTT TTGGGGGGAT TGGTTACAAG TGTCTGAAGG 
 303     5701 ATAAGCTTCA TTTCTTCCTC ATTAGGTAAT ATTAAATTTA AAAGTAAAGC AGAGGCTGTT 
     5761 AACATATTAC ATGCTTCTTC ACTTCTAGTC ATGTCTACTA GATTTTTAAG AACTTCTTCT 
     5821 AATCTCTCTT CAAACCTCTC TTCCCTAGAT TGTGTTACAA CTTTCAATCT TTTATTTGCC 
     5881 ATAACACAGT CAACTGCATA CTGACAAGCC CTCTTTTGAT CTTTTGTTTT ACTTAATCTT 
     5941 TTAGCATTTT CATGGTGTTT ACAATGATCT TTTGCATGAT TTTTATGCAG GCCTGTAAGA 
     6001 AGCAATTGAT CTTTTACACA CAGCTTACAC CCTTGTGGAG AGCTAGCAAA GGTTTTATAC 
     6061 AAACCTAACA AAAGCAAGCT ATCTACTACA GATTTATCCT CTGCAAATTC ATTAAGTAAT 
     6121 TCATGATCTA ATTGTAAAAC ATCCTCCTTA TCTTTGAACG ATAAAGGGAA TTCATCTGTT 
     6181 ACAACCACAT TTTCAGATAA TTCCTTATAT AATTTCCCCA TACAAGGCTT TTTAACCCCC 
     6241 CTTACAAGTA TTTCAGTGAC AGTACAAATT GCTTTGCATA GTGAAATGAG TGTAGAAATC 
     6301 CTTAGTGGAC TCTGCAGGAC CAAAAGTAAC ATGTTTAATC CATCTTCATA ATCTACATGT 
     6361 AGATGTCCCT CAATCCCATA TTTACTTTCA AGCATTTGCA TCAGTAATTC AAGCTTAGTA 
     6421 GGCGTTGACG TTGCAAGGAA GCAAATAGGA GTGCTTTGCA AAGAGTTTCT TGCAATGAGA 
     6481 TATTTTTCCA GGCTTACAGG AATAGATAAA GGCTTGTTTT TTGGAGGTGT TGAGAAGCTT 
     6541 GGCTGAAAAG ATCCCTCCGG TGTTGAGCAT CTTGGAGGAG GACTTGAGCA TCTGGTAAAC 
     6601 TATGAAAAGA TCATGTCATC AAGCTGAGAC CAATTAATTG CATTTGCAGC CTCTTTTATT 
     6661 TCCTCAAGAT ATGAAGGCCC ATAATTAACA AAATTCATCA GTGACCACTG CCAATCCTTA 
     6721 AGTTTCATGT AGCAATGTTC TATAAACATT ATAGTCAGGT GATGGTTTCC TGGAGTTGCA 
     6781 CAGAAGGTAT CAAACAACTC CCAATCCATC TTGTTATTCT TGTCAATAGC TTCCAGTGTA 
     6841 TGAGCACAGT GCCTTCCGTG CCCCAAAGTC TCAGTTATAT CTAAGAGAAG CTTAACATTT 
     6901 CTACAGGATT GTGAAAAACT CACATTTGAT GCAGAAAATC CGGACGGATC TGGTGTGGTA 
     6961 TAGTTTCCTT CGCTGAAACC GGAATCACTG CGATTATAGG AGCAGGTATC AGGTTCATCC 
     7021 TCACCCCCGC TCTCATAGCA GAATAGATCT TCCTCCTCAT AATGTGATGA AGGTCTATAT 
     7081 CTTTTGTTCT GAGGAGGTCC GCATTCAGTA TATATCTGGT TCAGCTCATT AAGCCTTTTC 
     7141 ATTTTATTTG CAGAACCACC TTTATCAGGG TGGTTTTTTA ATGCAGCTTT TCTATATTTC 
     7201 TTTTTAATAT TTTCTGGGCC ATCATATGTA TCGCAGCCTA TAAGCTCAAG AAACTCTAAA 
     7261 TAGTCACTGT TATCCAT 
 304Appendix 6.5  
Predicted amino acid sequences of BPCV2 open 
reading frames 
 
L2 open reading frame 
 
        1 MRARRKKRDS AQNIYRTCQI TGNCPPDVKD KIEGTTVADK ILQYLSSILY LGGLSIGTGR 
       61 GGGGSTGYRP IGGGGGGDIS IGGSRIPKPP TGAIDVIGPD IVQVDAVAPE APSVVPMEEV 
      121 TVNVTDFGGD TVTEVDLVPG TGGSPTLQTE DGAILEIAPE TPQLSRRRVT VSSHLNTIFE 
      181 SVINTPDPLL DSSNPNQILI DAVSEGTTIG SEEIELKTFA TSTPSDFSRV RPIYPRNTLT 
      241 VPKPLETIVN PLGTFDNPAF ESIDIEDVPD FPGGTKLHRV QYGQKSGIVV SRLMDTEAMQ 
      301 TRSGLRFGAQ FQLYHELSPI NPLENAIIEM RIINNADSNP AVFNLDDFSI IDITEPEEYS 
      361 DAELLHVEEL PFNNVRLQIS VQSGGERPNM SIFSAPERNY PFLPDFLADV FVNNSEKSSL 
      421 RNIDRSIPVT PDVPVGPLDA FDSIDFYLHP SLLVKKKRKR RYVKYKKFI* 
 
 
L1 open reading frame 
 
        1 MAIWQPNGKV YLPPSAPVAR ILNTEEYIQR TNLFYHANTE RLLTVGHPYY EIKDNLDPSK 
       61 IGVPKVSANQ YRVFRIKLPD PNRFALGDKS LYDPEKERLV WGVRGLEIER GQPLNVGSSG 
      121 NVLYNKFKDT ENPNNYAKEG EDERQNVSHD PKQMQMLLVG CKPATGEHWD AAKTCAERPP 
      181 NKGDCPPLEL VNSIIEDGDM IDIGYGNLNF KTLCGNKSDV PLDINTTTTK YPDFLKMTSD 
      241 QYGDSLFFYT KRESTYARHF WTRGGTPGDP IPEELFVNPS DNQKILGSST YFTVPSGSLV 
      301 SSESQLFNRP YWLQKATGQN NGICWNNDLF ITVVDNTRNC NFTISVFNKA DSSQGQTYKS 
      361 SNYNMFLRHV EEFELNFIFE ICKVPLKADV LAHINAMDPR ILEDWSLGFV PSNNFPLEDK 
      421 YRFINSLATR CPDKETPKEK EDPYRSNTFW TVELEERMSS ELDQYPLGRK FLFQSNISSI 
      481 NTVAKPRKRK ATTPTTKTKR RK* 
 
 305Large T antigen open reading frame
 
        1 MDNSDYLEFL ELIGCDTYDG PENIKKKYRK AALKNHPDKG GSANKMKRLN ELNQIYTECG 
       61 PPQNKRYRPS SHYEEEDLFC YESGGEDEPD TCSYNRSDSG FSEGNYTTPD PSGFSASNVS 
      121 FSQSCRNVKL LLDITETLGH GRHCAHTLEA IDKNNKMDWE LFDTFCATPG NHHLTIMFIE 
      181 HCYMKLKDWQ WSLMNFVNYG PSYLEEIKEA ANAINWSQLD DMIFS*FTRC SSPPPRCSTP 
      241 EGSFQPSFST PPKNKPLSIP VSLEKYLIAR NSLQSTPICF LATSTPTKLE LLMQMLESKY 
      301 GIEGHLHVDY EDGLNMLLLV LQSPLRISTL ISLCKAICTV TEILVRGVKK PCMGKLYKEL 
      361 SENVVVTDEF PLSFKDKEDV LQLDHELLNE FAEDKSVVDS LLLLGLYKTF ASSPQGCKLC 
      421 VKDQLLLTGL HKNHAKDHCK HHENAKRLSK TKDQKRACQY AVDCVMANKR LKVVTQSREE 
      481 RFEERLEEVL KNLVDMTRSE EACNMLTASA LLLNLILPNE EEMKLILQTL VTNPPKKRNF 
      541 VFKGPVNTGK TTVASAILNL LTGCSLNVNG TPDRLQFELG CAIDQYMVLF EDVKGKPLEG 
      601 SMLPPGFGII NLDNMRDHLE GSVCVNLERK HQNKVSQIFP PALITMNDYL LPPTVSVRCM 
      661 KTYNFQTNHH FRKALEANIQ VKNSRFLTKA ETLLFVIVNM YSSFFTKDFA KKHKSELELL 
      721 DSIFTERFLN YVSAINAEEP CF* 
 
 
 
 
 
p53 binding  DNA binding  Zn 
DnaJ Rb 
Intron 
ATPase 
 
 
 
Small t antigen open reading frame 
 
        1 MDNSDYLEFL ELIGCDTYDG PENIKKKYRK AALKNHPDKG GSANKMKRLN ELNQIYTECG 
       61 PPQNKRYRPS SHYEEEDLFC YESGGEDEPD TCSYNRSDSG FSEGNYTTPD PSGFSASNVS 
      121 FSQSCRNVKL LLDITETLGH GRHCAHTLEA IDKNNKMDWE LFDTFCATPG NHHLTIMFIE 
      181 HCYMKLKDWQ WSLMNFVNYG PSYLEEIKEA ANAINWSQLD DMIFS* 
 
 
 
  DnaJ Rb 
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